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The most exciting phrase to hear in 
science, the one that heralds new 
discoveries, is not 'Eureka!' (Ifo u n d  it!) 
but 'That's fu n n y ...'
(Isaac Asimov 1920 -  1992)
A b s t r a c t
For the last 40 years a natural demand for faster, more complex, and therefore, more 
functional electronic systems, has been the fundamental driving force behind the 
miniaturisation of the complementary metal oxide semiconductor transistor. The 
formation of highly conducting, ultra-shallow, p-type junctions is a key component for 
the source/drain contact and extension regions of the p-channel metal oxide 
semiconductor transistor. However, the requirements are becoming increasingly more 
difficult to achieve as technology advances. In fact, new ways of achieving device 
improvements are being considered. One method currently being implemented within 
industry is a switch from bulk silicon substrates to silicon on insulator (SOI). Therefore, 
it is important for any new techniques to be SOI compatible.
The most commonly used p-type dopant, boron, suffers from process related phenomena 
which hinders the creation of such shallow junctions. During annealing interstitial defects 
remaining from the implantation process impede the junction formation through a defect- 
dopant interaction, which reduces the electrical activation and enhances the junction 
depth - the exact opposite to what is required! This thesis studies a technique which 
generates an excess of vacancy defects (a vacancy is essentially a missing silicon atom). 
The vacancies counteract the effect via an interstitial-vacancy recombination mechanism, 
thus reducing their detrimental effect on the subsequent boron implant.
A detailed investigation into the optimisation of such a technique has been achieved 
through Monte Carlo simulations and experimental studies on diffusion, electrical 
activation and lattice damage in bulk silicon and SOI. It has been shown that it is 
possible to optimise the boron and vacancy generating implants to achieve a near 
“diffusionless” process, producing a junction depth of around 17nm, with an extremely 
high level of electrical activation (~5xl020cm'3) at low annealing temperatures. 
Furthermore, the junction is extremely thermally stable (600-900°C) giving rise to a large 
process window for ease of integration. Overall, this optimised technique rivals 
competing processes with a much lower equipment cost and “footprint” making it 
potentially a highly viable alternative to the current preferred methodology within 
industry.
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G l o s s a r y  o f  T e r m s
4pp: Four-Point-Probe
A/C interface: Amorphous/Crystalline Interface
B: Boron
BICs: Boron Interstitial Clusters
CMOS: Complementary Metal Oxide Semiconductor
CVD: Chemical Vapour Deposition
FET: Field Effect Transistor
EOR: End Of Range
IC: Integrated Circuit
ITRS : International Technology Roadmap for Semiconductors
MBE: Molecular Beam Epitaxy
MOSFET: Metal Oxide Semiconductor Field Effect Transistor
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PICA: Primary Knock-on Atoms
PMOS: P-type Metal Oxide Semiconductor
PPC: Process Products Corporation
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Si: Silicon
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SPER: Solid Phase Epitaxial Re-growth
SOI: Silicon On Insulator
SSI: Small Scale Integration
TCAD: Technology Computer Aided Design
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Vh-' Hall Voltage
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Chapter 1: Introduction
C h a p t e r  1
1  I n t r o d u c t i o n
In June 1948 William Shockley, John Bardeen and Walter Braittain from Bell 
Laboratories unveiled an invention that went on to revolutionise the world, this is known 
today as the first point contact transistor [1l  Transistor devices soon superseded the 
current technology at that time, namely the vacuum tube which was then the basic 
component of computers. This was the start of an era which evolved at an astonishing 
rate. The following anecdote by Alec Broers expresses just how fast[2]:
“I f  the motor industry had advanced at the same rate as the semiconductor industry over 
the past 15 years, the 60-mile journey from London to Cambridge would take a second; it 
would need only a teaspoon o f petrol and the 20p parldng fee at the other end would be 
greater than the cost o f the car. ”
Transistors, resistors and capacitors are the building blocks for the majority of electronic 
circuits. In designing a complex machine such as a computer it was always necessary to 
increase the number of components to achieve a greater technical advancement, which 
typically increases the cost and physical size of the design. In 1959 both Jack Kilby for 
Texas Instruments and Robert Noyce, one of the co-founders of Intel Corporation, solved 
this dilemma simultaneously. The solution resulted in the creation of the monolithic 
Integrated Circuit (IC) which placed the previously separated transistors, resistors, 
capacitors and all the connecting wiring onto a single crystal (or 'chip') made of a 
semiconductor material[3]. The history of ICs can be described in terms of different eras, 
depending on the component count. Small Scale integration (SSI) refers to the integration 
of 1-100 devices and presently we have Ultra Large Scale Integration (ULSI), where the 
component count is between 106-109. The main factor that has enabled this increase in 
complexity is the ability to shrink, or “scale”, devices. Clearly, it is possible to pack a 
larger number of components with greater functionality on an IC if they are smaller but 
device performance gains are also achieved, including an increase in speed and a 
reduction in power usage.
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In 1965 Gordon Moore, also a co-founder of Intel Corporation, observed a trend in the 
number of components per IC and made a bold predication stating that “the number of 
components on a chip would double every two years” [4]. This prediction has held true for 
over 40 years and is thought of as a guideline/challenge for the future generations of ICs. 
Keeping up with such a trend is certainly a non-trivial task. In fact, The International 
Technology Roadmap for Semiconductors (ITRS) is an assessment of the semiconductor 
technology requirements to achieve this. This assessment, called road mapping, is a 
cooperative effort of the global industry manufacturers and suppliers, government 
organizations, consortia, and universities in an effort to outline foreseen problems to be 
overcome to continue with the current trend in integration[5].
Probably the most important device for ULSI technology is the enhancement-mode Metal 
Oxide Semiconductor Field Effect Transistor (MOSFET), which was reported by Kahng 
and Atalla in 1960 [6]. MOSFET devices and associated circuits now constitute about 
90% of the semiconductor device m arket[7]. One foreseen problem for future MOSFET 
devices, in particular the p-type Metal Oxide Semiconductor (PMOS) devices, is 
associated with the source/drain regions, more specifically source/drain extensions 
(discussed in section 2.2.1). As the transistors are scaled the source/drain regions have to 
be scaled in proportion to the whole device, generally requiring an ever decreasing 
junction depth (Xj) and low sheet resistance (Rs). Practically, problems are soon 
encountered which hinder source/drain formation to the specifications set out by the 
ITRS.
For PMOS devices the most popular p-type dopant is undoubtedly boron due its relatively 
high solubility and low ionisation energy compared to other p-type dopants. However, 
even boron suffers from a series of anomalous phenomena that make it difficult to fulfil 
the specific requirements. Decades of research has been focused on the behaviour of 
boron in silicon, however, due to the complex mechanisms involved even the latest 
Technology Computer Aided Design (TCAD) packages cannot reliably predict its 
behaviour in future devices. There is however a general consensus within the scientific 
community that the underlying problem with forming boron doped source/drain regions is 
a result of the processing techniques used in their creation, namely ion implantation.
Ion implantation is the most commonly used technique to dope a semiconductor, having 
advantages over competing techniques which will be discussed in section 3.2. However, 
the benefits of ion implantation are limited by the need to carry out a high temperature
15
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thermal cycle to repair the damage created during the implantation process and 
electrically activate the doping ions. During the thermal processing, or even dynamically 
during the implantation process, implant damage interacts with the doping ions causing 
such affects as Transient Enhanced Diffusion and dopant clustering, resulting in an 
increased junction depth and sheet resistance, having the exact opposite of the desired 
effect. Therefore it is necessary to overcome these detrimental process related problems 
to reach the milestones set out by the ITRS [81.
In the case of boron it was determined that there is one specific type of defect, the silicon 
interstitial, which is responsible for the process related effects. Due to the ion 
implantation process there is normally an excess of silicon interstitials remaining, and it is 
these left over silicon interstitials that have the detrimental effect on the boron. One can 
see that to overcome these difficulties, either the interstitials must be eliminated or their 
interaction with dopant atoms has to be prevented.
It would be near impossible to estimate the number of ways/techniques which groups 
around the world have tried to reduce or stop these interactions. The most common and 
practical methods are reviewed in section 2.5, reporting on research such as advanced 
thermal processing, pre-amorphisation combined with solid phase epitaxial re-growth and 
co-implants (F and C).
This thesis reports on a technique which attempts to reduce the anomalous effects 
associated with boron source/drain formation using a method known as vacancy 
engineering. As the name suggests this process is designed to engineer a concentration of 
vacancies in the vicinity of the boron region, with the aim of eliminating the silicon 
interstitials through an interstitial -  vacancy annihilation mechanism.
The process of generating excess vacancies via ion implantation was shown theoretically 
possible by Winterbon in 1980 [9] and experimentally in 1991 by Holland et al [10]. The 
principle behind such a technique is the use of a co-implant (normally silicon) prior to the 
doping implant at typically high energies (>500keV). The momentum transferred from 
the high energy impinging ions cause host silicon atoms to become spatially separated 
from their original lattice sites, this in turn results in a net increase in vacancies close to 
the surface and a net increase in silicon interstitials around the projected range of the co­
implant. The reason for such high energies is to gain enough spatial separation between 
these two defect regions so that they do not interact during thermal processing.
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Previous work on vacancy engineering has been focused on reducing the effects of TED. 
As devices are becoming ever smaller the focus of research has shifted to increasing the 
level of activation in an attempt to reduce the sheet resistance. This requires dopant 
atoms to be dissolved on lattice sites well above the solid solubility. The literature to date 
only reports small improvements in this area, and seem to suggest that this technique is 
not suitable for forming ultra-shallow junctions. This work investigates the implant 
parameters to find the right conditions for achieving optimal improvement and make the 
process more appealing as an industrial application.
It is speculated that to actually continue in achieving device improvements a new starting 
substrate will be introduced, replacing bulk silicon. This substrate is known as Silicon On 
Insulator (SOI) and the ITRS predicts that this changeover will occur in 2008. Such a 
change requires all processes used in fabricating the devices to be SOI compatible. This 
may prove difficult for techniques known as pre-amorphisation and solid phase epitaxial 
re-growth, which is considered to be the main rival process to vacancy engineering, as the 
buried amorphous insulating layer cannot be used as a ‘seed’ for the regrowth.
This thesis demonstrates that by optimising the vacancy engineering technique it is 
possible to achieve a highly stable p-type layer, in SOI, at low temperatures, making 
vacancy engineering a real contender for future CMOS devices.
17
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1.1 O b jec tives
The main objectives of this work are twofold:
h  Optimise the vacancy engineering technique. For a process to be implemented as an 
industrial application in SOI technology all the processing conditions must be CMOS and 
SOI compatible. This restricts the use of typically high-energy, high dose co-implants, 
as the majority of new fabrication lines are limited from ultra-low to medium ion energy 
capabilities. Understanding how the vacancy implant parameters affect the vacancy 
generation will lead to the optimisation of the technique and make the process more 
appealing as an industrial application.
2. Create P-type layers conforming to the ITRS specification. Previous studies covering 
vacancy engineering have shown only small improvements in boron diffusion and 
electrical activation compared to rivalling techniques. Gaining a greater understanding by 
achieving the first objective will lead to the possibility of actually reaching the 
requirements set out by the ITRS.
1.2 S tru c tu re  o f  T hesis
This study is broken down into the following chapters:
Chapter 1: Introduction
This chapter is used to introduce the subject and highlight the key objectives of this 
thesis. A brief review of the semiconductor industry to date is presented, along with a 
description of the known problems hindering the progression of CMOS devices into 
future technologies.
Chapter 2: Literature Survey
This gives a review of the scientific literature relevant to vacancy engineering, starting 
with the known problems and current understanding of the difficulties associated with 
boron doping. The later part of the survey reviews the current techniques in research and 
industry to overcome such problems, concluding with a specific review of the vacancy 
engineering technique, highlighting the key points which still need to be researched.
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Chapter 3: Experimental Theory and Techniques
This chapter explains the main experimental techniques in terms of background theory 
and procedures used to obtain the results in the following chapters.
Chapter 4: Influence of the Vacancy Engineering Implant Order
First experimental chapter, examining the effect of reversing the vacancy and dopant 
implant order in terms of diffusion and electrical activation.
Chapter 5: Experimental Design Based on Theoretical Understanding and 
Simulations
In an attempt to understand how vacancy engineering can be optimised a series of 
simulations are presented indicating the trends in vacancy generation by varying the co­
implant parameters. The understanding gained from the simulation is used to design two 
experiments:
Experiment one compares a traditional IMeV co-implant with an optimised (300keV) 
lower energy/dose silicon co-implant in terms of dopant activation and diffusion of a 
2keV boron implant to try and fulfil objective one of this thesis.
Experiment two uses a combination of simulations and experimental understanding from 
experiment one to design a new experiment that pushes the boundaries of the vacancy 
engineering technique in an attempt to meet the requirements of the ITRS, and fulfil 
objective two.
Chapter 6: Experimental Results I: Comparison of Experiments One and Two
Experimental results and discussions of experiment one and the initial results from 
experiment two in terms of electrical activation and diffusion, relating the results back to 
the previous simulations.
Chapter 7: Experimental Results II: Junction Stability, Damage Regrowth and 
Further Electrical/Diffusion Analyses
A whole chapter is dedicated to examining experiment two in great detail in terms of 
junction stability, damage re-growth and further electrical and diffusion analysis. This 
conclusively proves that vacancy engineering is a viable option for future CMOS 
technologies, as it has the ability to create highly electrically active, p-type, ultra-shallow 
junctions at low anneal temperatures.
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Chapter 7: Conclusion and Further Work
This chapter concludes the whole thesis with an explanation of the outcomes of this 
project in relation to the initial objectives and a description of possible areas of research 
which could be attempted to further this study.
Chapter 8: Appendix
1.3 N ovelty  o f  th e  W o rk
This thesis examines the use of vacancy engineering co-implants to improve the attributes 
of a subsequent boron implant. The first novel feature of this work is in the approach to 
the co-implants. The traditional approach to this technique is to use extremely high 
silicon ion energies which position the peak of the co-implant deep into the substrate. 
However, this work has an opposite approach and attempts to scale down the ion energy 
to make the technique more appealing as an industrial process. The second novel feature 
of this study is in the extensive research on the effect of vacancy engineering on the 
electrical properties of the boron layers, whereas in the scientific literature the main focus 
is on diffusion. The last novel aspect is the study of vacancy engineering implants in SOI 
substrates, where to date the majority of the study with such co-implants has been focused 
on bulk silicon.
Also, it must be noted that this work has shown that by choosing the right implant and 
anneal parameters it is possible to achieve successful junction formation using vacancy 
engineering, which is naturally suited to the down scaling of future devices without the 
requirement for new expensive equipment.
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C h a p t e r  2
2  L i t e r a t u r e  S u r v e y
2.1 In tro d u c tio n
The majority of the work in this thesis is based on improving the electrical and atomic 
attributes of boron doped silicon layers. The following section presents a literature 
survey of the key published research related to boron doping in silicon, the complex 
mechanisms involved and the current techniques used to improve the boron layers. The 
later part of the survey will be focused on the current research in relation to vacancy 
engineering, highlighting the main areas which need further investigation, and setting the 
background to the main bulk of this thesis.
2.2 D evice S caling
There is a natural demand for faster and more complex electronic equipment to enable 
technical advancement. This was apparent even before the invention of the transistor, 
with the gigantic electro-mechanical computer systems then in use. With the invention of 
the transistor it was soon realised that it was possible to achieve a range of improvements 
in performance by simply scaling down the physical dimensions of the transistor 
structure, achieving improvements in:-
• Switching frequency
• Power consumption.
• Integration on a single die (‘chip’).
• Cost
In 1965 Moore published a paper predicting what he thought was going to be the future 
trend for transistor integration on a single chip. From the first planar transistor in 1959 to 
1965 Moore observed an exponential increase in component integration, doubling every 
two years. By extrapolating this trend into the future, Gordon Moore predicted that in
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1975 there would be 10,000 components on a single chip. This trend became the guide 
line, or even challenge, for the whole industry to try to follow. Today this trend is still 
valid, even though some parameters, such as switching frequency, are becoming harder to 
scale and subject to ‘trade offs’ with other device parameters such as leakage. Figure 2-1 
shows the actual number of components (solid line) used to fabricate the whole range of 
Intel microprocessors produced from 1971 to 2005 combined with the original prediction 
(dotted line) made by Gordon Moore.
Figure 2-1 the actual number of components are shown to increase exponentially over the last 40 
years, according to the manufacture of Intel’s microprocessors. The original exponential prediction 
by Gordon Moore in 1965 is represented by the dotted line.
2.2.1 Problem s Associated with Device Scaling
The structure of a PMOS device is shown schematically in figure 2.2, illustrating the 
main components. Very shallow source/drain extensions located between the gate edge 
and the deeper source/drain regions as shown in figure 2.2(a) are essential elements of 
high performance MOSFET design. Formation of these shallow source/drain junctions, 
indicated in figure 2.2(b) as Xj, is one of the most important techniques for reducing 
MOSFET characteristics known as ‘short channel effects’, which for example cause the 
leakage of the device to become excessive when the gate length of the device becomes 
small.
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GATE
Figure 2-2 (a) a simplified 2D schematic representation of a single PMOS device, illustrating all the 
major components, (b) A corresponding ID  schematic of the drain extension defining the junction 
depth (X j) at which the number of acceptors equals the number of donors.
These effects are directly related to channel length and are all affected, directly or 
indirectly by the dimensions of the source and drain junctions [11]. Figure 2-3 shows the 
requirements for future source drain extensions in the form of a Rs vs Xj p lo t[5].
Ju n c tio n  D epth, Xj (nm)
Figure 2-3 the requirements set out by the ITRS predicting the specifications of the source/drain 
extension regions, indicating a possible change of starting substrate in 2008 from bulk silicon to 
Silicon On Insulator (SOI).
Boron is the most popular p-type dopant for the PMOS device due to its relatively high 
solid solubility (1.19xl020 cm"2 at 1000°C 112]) and low ionisation energy (0.045eV [13]), 
which results in the majority of the dopant atoms being ionised at room temperature.
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However, boron suffers from anomalous diffusion and clustering mechanisms which 
increase the final junction depth and sheet resistance, respectively. These mechanisms 
have become known as Transient Enhanced Diffusion (TED) and Boron Interstitial 
Cluster (BIC) formation. There is a general consensus within the scientific community as 
to the underlying cause of these phenomena. However, actually reducing their 
unfavourable effects is a major challenge, given the quite stringent future requirements set 
out in figure 2-3.
2.3 T ra n s ie n t E n h a n c e d  D iffusion  (T E D )
With its relatively high solubility, boron has advantages over other Group-Ill elements 
such as gallium and indium, and has become the preferred PMOS source/drain dopant 
within industry. However, in 1973 Hofker et al. [14] published a report showing boron to 
be susceptible to an anomalous diffusion effect. Figure 2-4(a) is an extract of 
experimental data from Hofker’s original paper showing Secondary Ion Mass 
Spectroscopy (SIMS) profiles of a boron implant before and after annealing at 800°C for 
35mins and 21 hours. Taking a reference point at 1018 cm'3 one can see that after 35mins 
the dopant profile has diffused ~80nm and finally, after 21 hours the profile has moved 
only a further 50nm. This indicates an initial rapid amount of diffusion in the early part 
of the anneal cycle which saturates over time. This highlights the difficulty in not only 
predicting boron diffusion behaviour but also forming shallow junctions.
Figure 2-4 (a) Hofker’s 1141 original discovery of B anomalous diffusion, indicating a large amount of 
B diffusion at 800°C for 35mins which saturates over a longer time, (b) The isothermal study 
performed by Michel 1151 of a 60keV B implant and anneal, clearly showing what is now known as
TED.
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It was not until over 10 years later, Michel et al. [15i performed an extensive study on 
boron profiles covering a wide range of annealing temperatures and times, that the real 
extent of transient diffusion was observed. The enhanced diffusion was found to decay 
with time and decrease rapidly with increasing anneal temperature, and then became 
known as Transient Enhanced Diffusion (TED). Under the implant conditions used by 
Michel et al, the TED decay time was shown to be approximately 45 mins at 800°C, 
decreasing to about Is at 1000°C. Figure 2-4(b) clearly shows TED at 800°C for 35mins, 
while annealing for up to a further 145 mins shows negligible diffusion.
The cause of such an effect was not well understood, especially in the time of Hofker’s 
original paper. However, they did hypothesise that the initial fast diffusion was due to the 
boron atoms being situated in an interstitial position within the lattice to begin with. This 
would mean a large diffusion length was possible during annealing until an interstitial to 
substitutional transition occurred after which the diffusion coefficient would be 
dramatically reduced, hence, explaining the transient effect. It was also speculated that a 
large supersaturation of point defects could also be the underlying cause of such 
anomalies, through a defect-boron interaction but it was not possible at this time to 
determine the type of defect (vacancies or interstitials) that would cause such a 
phenomenon.
2.3.1 The Cause of TED: Vacancies o r In terstitials?
Previous work at IBM [16] established that stacking faults in silicon are generated by the 
absorption of silicon interstitials. Knowing this fact Claeys et al. [17] studied the kinetics 
of stacking fault growth simultaneously with boron diffusion. Stacking faults were 
introduced into a silicon substrate via wet oxidation. The inherent grown oxide was then 
removed and a boron doped oxide was deposited. In two different ambients (oxygen and 
nitrogen) pieces of material were annealed to study the effect on the boron diffusion. It is 
well known that when annealing in an oxygen ambient an excess of silicon interstitials are 
produced, whereas a nitrogen ambient produces an excess of vacancies. The stacking 
fault lengths were studied in both cases. In a typical silicon stacking fault experiment 
without boron, annealing in a nitrogen ambient shrinks the stacking fault. However, it 
was found that by introducing boron into the substrate, the stacking fault shrinkage was 
retarded. Performing the same study in the oxygen ambient showed that the growth of
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stacking faults was accelerated. This set of results proved conclusively that boron 
diffuses with the assistance of silicon interstitials, not vacancies.
In 1994, Eaglesham et al. [181 observed the formation of an ‘extended defect5 which 
consisted of extra silicon interstitials in the {113} crystal plane, which propagated in a 
rod-like fashion in the <110> direction. It was found that these {113} defects were 
maintaining a super saturation of silicon interstitials by emitting interstitial defects during 
annealing which in turn prolongs the effect of TED. From this discovery it was originally 
thought that such defects were the driving force behind the anomalous diffusion. 
However, it was soon proven by Zhang et a l .[19] and Huizing [20] et al. that it is possible to 
achieve TED without actually forming {113} defects. This meant there had to be another 
source of silicon interstitials to cause TED before these {113} type defects were actually 
formed.
Since Hofker5s first discovery of TED in the early 70s it was only in the mid-90s that a 
real understanding of TED started to be realised. By this time it was well known that TED 
was driven by silicon interstitial type defects and the duration was prolonged by the 
formation of extended defects. However, a contribution to TED was occurring from an 
unknown source which could not even be resolved by Transmission Electron Microscopy 
(TEM). Therefore, to understand TED it was necessary to understand the defects created 
during implantation, annealing and the defect-dopant interactions.
2.3.2 O rigin o f the Defects
Ion implantation is the most common technique used to dope semiconductors having 
advantages over competing techniques as discussed in section 3.2. The high accuracy of 
ion implantation is hindered because of the necessity of a high temperature thermal cycle 
to repair the damage created during the implantation process and electrically activate the 
dopant ions.
As each implanted ion enters the target, it undergoes a series of interactions with target 
atoms until it finally comes to rest at some depth. There are two types of stopping 
interactions, nuclear stopping which is caused by collisions between the impinging ion 
and the target atoms, and electronic stopping where the impinging ion loses energy to the 
target electrons [21]. Nuclear collisions are Columbic elastic collisions meaning some of 
the energy is transferred from the incoming ion to the target atom, while the total
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momentum of the system is preserved. To displace a lattice ion from an impinging ion, a 
minimum displacement energy of ~13eV l22] is required to create a vacancy and an 
interstitial which together constitutes a Frenkel pair. Electronic stopping is a non-elastic 
process in which the electrons of the incoming ion interact with the electrons of the 
substrate atoms slowing down the incident ion. Figure 2-5 illustrates a range of defects 
that can occur within a silicon lattice. Defect type (a) and (b) are vacancy and silicon 
interstitial type defects respectively. More detail of the collision processes can be found 
in section 3.3.
c i a c danglingbond
Key:
a) Vacancy
b) Self-interstitial
c) Substitutional impurity
d) Interstitial impurity atom
e) Edge dislocation
f) Dislocation loop (extrinsic)
g) Dislocation loop (intrinsic)
h) Precipitate
i) Void
d e b  h g f
Figure 2-5 illustrates a variety of defects that can occur in a silicon crystalline structure |231.
During a boron implant into pure crystalline silicon the structure undergoes a series of 
cascades and recoils from the incoming ions creating vacancy/interstitial defects. On 
annealing, the boron will ideally move onto a substitutional lattice site (electrically 
activating) leaving an excess of one silicon interstitial for every impurity ion implanted, 
this is known as the plus-one model [24\  The resulting supersaturation of silicon 
interstitials evolve into extended defects. The location and concentration of the interstitial 
supersaturation determine the configuration and type of defects produced. Extended 
defects grow in size and reduce their density, while the number of silicon atoms bound to 
them stays constant. This phenomenon has been interpreted as being an interchange of 
silicon atoms between defects of different sizes following an Ostwald ripening process
[25]
The theory of Ostwald ripening [26] was formulated by Greenwood in 1956 l27] and 
considerably extended by Lifshitz, Slyozov and Wagner, and has become known as LSW 
theory [28]. Figure 2-6(a) shows a schematic of the conservative Ostwald ripening
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process, where small defects interchange self-interstitials with larger defects. In contrast, 
figure 2-6(b) illustrates the more realistic process, taking into account the probability of 
free interstitials which can diffuse to the surface or into the wafer. This occurrence is 
indicated by the decrease in interstitial supersaturation from the defect band to the 
surface. This means there are many parameters which can effect how the defects evolve 
and dissolve. In general, the exact type of the predominant defects depends on ion dose, 
energy and annealing conditions. A “catalogue” exists where almost all of the possible 
defects found after a certain implantation/annealing combination have been reported [29].
Pathways for emitted interstitials
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Figure 2-6 (a) conservative Ostwald ripening; where the large defects grow at the cost of the smaller 
defects, (b) Non-conservative ripening; where alternative paths affect the ripening process.
2.3.3 Extended Defects
As the defects grow in size/or change their crystallographic structure from one type to the 
next, their formation energy decreases. The formation energy of a defect is the energy 
required to add one extra atom to the defect. Figure 2-7 (a) shows the formation energies 
calculated through a combination of theoretical[30 311 and experimental work t32]. This is a 
crucial result since the decrease in formation energy is the driving force for defect 
evolution upon annealing. Figure 2-7(a) can be broken into three sections, (1) clusters, 
(2) {113}’s and (3) dislocation loops. The second Y axis shows the level of 
supersaturation of silicon interstitials decreasing as the defects evolve from clusters to 
loops. The actual structure of the defects can be seen in figure 2-7 (b) which have been 
analysed using TEM.
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Figure 2-7(a) shows the formation energy decreasing as the defects evolve from clusters to loops: the 
driving force to the evolution, (b) TEM  images of the actual defects.
Direct observation of the evolution process was seen by Jinghong et al. 1331 in 1998 by 
performing in situ TEM analysis of silicon implanted material while being annealed at 
800°C over a 40min period. Figure 2-8 shows the evolution of a {113} defect, faulting 
into a dislocation loop.
5min 20min 35min
Figure 2-8 in situ TEM  images showing the actual evolution process of a {113}1221 defect transforming
into a loop, performed at 800°C from 5mins up to 40mins ,331.
2.3.4 The M echanism  behind TED
Diffusion was once thought only to be governed by Fick’s law, which states whenever 
there is a concentration gradient, ions will diffuse from a high concentration to a low 
concentration in proportion to the diffusion coefficient of the diffusing ion. As 
technology advanced it became apparent that a series of anomalous diffusion phenomena 
can occur [8]. It is now well known now that the remaining silicon interstitials from the 
implantation process is the underlying cause for the anomalous diffusion of boron during 
the annealing stage. It is of great importance to actually determine the mechanism in 
which the silicon interstitial interacts with the doping ions. Fahey et al. t34] published an 
excellent review on the mechanisms of diffusion in silicon and was followed later by
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another review by Bracht [35-*. Figure 2-9 represents the most commonly cited 
mechanisms for the diffusion of dopant atoms. Using Bracht’s notation, [A] shows what 
is known as indirect diffusion, this represents two schemes of diffusion not incorporating 
any point defects. [B] represents the diffusion schemes which involve the reaction 
between point defects and a dopant atom. Ai, As, V and I represent interstitially and 
substitutionally dissolved foreign atoms, vacancies and silicon self-interstitials, 
respectively. AV and AI are defect pairs of the corresponding defects. These reactions 
are listed below as well as their commonly known names.
[A] • • • • •  i a
A,— j S j  *  *  *  I *  #  •  As +  V*— ► AV Vacancy Mechanism (1 )
As + AI Interstitialcy Mechanism(2)
As + 1^- —► Aj Kick Out Mechanism (3)
As^" —►Ai + V Dissociative Mechanism (4)
Figure 2-9 a schematic 2D representation of (A) indirect and (B) direct diffusion mechanisms of an 
element A in a solid. Ai, As, V and I denote interstitially and substitutionally dissolved foreign atoms, 
vacancies and silicon self-interstitials, respectively. AV and AI are defect pairs of the corresponding 
defects,3S*.
The above reactions illustrate a simplistic view for dopant diffusion. For boron the main 
governing mechanisms are thought to be reactions (2) and (3), similar to phosphorous, 
carbon and indium, whereas antimony is thought to diffuse via reaction (1). However 
today, for boron it is more customary to not explicitly define reactions (2) and (3) and use 
a more generically termed interstitial mediated terminology. The reason for this is that it 
has been shown using ab-initio calculations that a more complex diffusion mechanism 
exists and cannot be described explicitly by reactions (2) or (3) [36,37]. Therefore, a Boron- 
Interstitial (BI) notation is commonly used (similar to the clustering notation described in 
section 2.4.1) where it is possible to represent an interstitial driven process without 
explicitly describing the structure of the defect as it diffuses. This then encompasses the 
possibility of reactions (2), (3) and also more complex mechanisms occurring. As this 
notation covers all possibilities, and a detailed investigation into the absolute mechanism 
is out of the scope of this thesis, this BI notation will be used throughout this thesis.
A + y  av• •  •  • • • • • • ' •  • • • • •  •  o •••<=> • o • • • • • • •  • • • • •  • • • • •  • • • • •
• • • • •  • • • • •
•  •  •  O •  •  •  ••  •  • • •  o  ••  • • • •  • { • • • ••  • • • •  • ! • • • •
A, A t+V
As + 1 AI• • • • •• • •••• • oW#• • • ••••• • • • • • • • • •
• • • • • • • •••• • ••• • • • • •• • O • • o  • •• • • ••• •• • ••• • • •••A., +1 Ai
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2.4 B o ro n  In te rs tit ia l  C lu s te rs  (B IC s)
So far only the implications on diffusion have been reviewed. As we scale into the next 
generation of devices, the electrical characteristics of the p-type layers become ever more 
stringent and increasingly more difficult to achieve than the actual junction depth 
requirements. As the amount of TED reduces with implant energy 1381 the main 
constraints are related to improving the level of activation to beyond the solid solubility 
limit which was once thought to be the main limiting criteria[39].
As previously mentioned boron is susceptible not only to a diffusion enhancement but 
also a clustering anomaly which results in a fraction of the boron layer being electrically 
inactive even below the solid solubility limit. The history of this inactive peak has caused 
controversy over the last 30 years. The initial work by Hofker et al. in 1973 reported a 
static peak and is shown in figure 2-4 (a). Furthering their work a year later they managed 
to prove the peak was electrically inactive using differential Hall profiles [40]. Contrary to 
this work, 10 years later research published reported the immobile peak was thought to be 
electrically active [41’42]. it was later proven conclusively by Cowem et al. in 1990 [43] 
that the immobile peak was distinctly not electrically active, via an extensive study of 
boron TED with SIMS and Spreading Resistance Profiling (SRP) to examine the atomic 
and electrical profiles, respectively as shown in figure 2-10 .
Depth |n m j--------
Figure 2-10 Cowern et al. 1431 conclusively proving the immobile boron peak to be electrically inactive 
with the use of SIMS and SRP. The concentration enhancement point (Cenh or Kink) refers to the 
point at which the electrically inactive portion meets the mobile/active part of the boron profile.
A distinct kink occurs at the point at which the immobile/inactive portion of the profile 
meets the mobile/active fraction and is often known as the concentration enhancement 
point (Cenh or Kink). This point has been found by many groups to coincide, within a
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factor of 2, with the intrinsic carrier concentration at the anneal temperature [43,15,44l  
However, this is only valid for low thermal budget anneals as high temperatures cause the 
clustered boron to dissolve and electrically activate [43l
2.4.1 The Cause of the Static Peak
The static peak is generally seen when a high concentration of boron overlaps a high 
silicon interstitial supersaturation. However, more recently Aboy et al. [45] has shown via 
Kinetic Monte Carlo (KMC) simulations that a low, equilibrium interstitial content can 
also cause a significant amount of boron deactivation. The underlying cause of the static 
peak is thought to be due to a Boron-Interstitial Clustering mechanism (BICs). However, 
the actual structure of such defects is still under scrutiny even today. Experimental and 
theoretical work suggests that BICs are present even though they cannot be resolved by 
TEM. Therefore, the clusters must only contain a few atoms, making it extremely 
difficult to determine the kinetics of how these defects evolve and dissolve.
When defining such clusters, instead of giving full structural information, it is customary 
to denote their composition in the form of B,„I„[46], where m denotes the number of boron 
atoms and n the number of interstitials. Within this notation the interstitial (1) component 
can either represent a boron interstitial or equally a silicon interstitial. For instance, 
figure 2.11 displays a schematic representation of a volume of crystalline material 
containing four clusters (symbols) which are at a large enough distance from each other 
that they can be distinguished as four individual complexes. By isolating one of the 
clusters (□) via a red square, it is possible to define the complex by summing up the total 
number of extra atoms within such a volume compared to if it was perfect material. For 
example, if the total number of atoms within the red box without the complex being 
present (i.e. perfect material) was equal to N, and the total number of atoms within the 
same area with the complex present is equal to N ', then n is simply expressed by N'-N. 
Then the component Bm is simply determined by calculating the total number of boron 
atoms within the specified volume, whether they are substitutionally or interstitially 
located.
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Figure 2-11 schematic representation of a volume of crystalline material containing four complexes, 
the red box indicates the boundary conditions for isolating and defining the □ defect using the B^I,, 
notation.
In 1999 Pelaz et al. [47] used a combination of experimental data and atomistic modeling 
to try and determine what would be the most probable pathway for the BICs to evolve as 
shown in figure 2-12. The energies suggest a predominant high silicon interstitial content 
path as the most favorable (the solid line suggests the evolution, dissolution path).
Figure 2-12 the reaction path suggested by Pelaz et al. for the formation of boron-interstitial clusters
!47|
It was speculated that in the early stages of annealing when the interstitial supersaturation 
is large the high interstitial content clusters (BI2, B2I2, B3I3, B4I4....) are formed. In later 
stages of annealing when supersaturation becomes low, these clusters emit interstitials 
leaving high boron concentration clusters (B3, B4I, B4) behind. The boron concentration 
clusters are stable and decay only after a long anneal.
Mannino et al. [48] managed to support Pelaz’s. theory using an indirect experiment. A 
boron doped ‘box’ shaped marker layer was used as a detector for implantation damage. 
The implant parameters where specially chosen to locate the tail of a silicon implant over 
the left comer of the boron doped ‘box’. On annealing it was found that the right side of
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the box diffused as expected due to TED, but the left side was immobile due to the 
clustering of the boron.
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It was assumed that this immobile boron fraction was tied up in BICs. By estimating the 
number of boron atoms contained within the BIC’s (the shaded region in figure 2-13), and 
calculating the concentration of silicon interstitials arriving from the implanted region 
into the boron doped ‘box’, it was possible to determine that there would be 
approximately one extra silicon interstitial per clustered boron. As the clusters seemed to 
dissolve after a 2 hour anneal while the boron concentration stayed roughly constant 
without any further pileup it was suggested the clusters evolve through an interstitial rich 
pathway, similar to that proposed by Pelaz. It must be noted that a substantial effort to 
use theoretical studies such as ab-initio calculations, have also been undertaken over the 
last 20 years. A review by Luo et al. t49] provides the background of different ab-initio 
algorithms used during the 90s in trying to determine the structure of such complexes. 
The ab-initio studies by L iu[50] also support Pelaz’s work.
2.5 O v erco m in g  T E D  a n d  B IC s
The preceding sections have surveyed the history of TED and BICs up to the current 
understanding of such detrimental effects and their underlying mechanisms. The 
following section discusses some of the most important techniques currently being 
researched to overcome such deleterious effects, reviewing their advantages and 
disadvantages.
500*0 
6G0°C 2h 
Simulation 
Si Intorstitials/S Figure 2-13 SIMS profiles of a grown ‘box’ 
like, boron doped super-lattice after an anneal 
at 600°C. A  silicon implant is shown via a 
Marlowe simulation to overlap the left corner 
of the box,481.
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2.5.1 P re-am orphisation and  Solid Phase Epitaxial Re-grow th
Ion-beam induced pre-amorphisation is probably one of the most favorable techniques to
be used in fabricating highly active shallow junctions. With the right implant conditions
and parameters, the surface crystalline region of a silicon substrate can become so
disordered due to implantation damage that an amorphous phase change can be induced.
An excellent review of this technique and the main principles are reported by Pelaz et al. 
[51]
For a doping process such as forming ultra shallow junctions, pre-amorphising before a 
boron doping implant has two main advantages. Firstly, dopant ‘channeling’ during ion 
implantation which results in an extended as-implanted tail, is suppressed. Secondly, 
when a pre-amorphised substrate is annealed the crystalline substrate beneath the 
amorphous regions acts as a ‘seed’ for re-growing the amorphous phase in to a near 
perfect crystal [52l  This occurs at low temperatures around 550°C and above. The main 
advantage of this process is that during the Solid Phase Epitaxial Re-growth (SPER) the 
incorporation of dopants within the lattice structure (electrical activation) is (much) 
higher than the solid solubility in crystalline silicon, resulting in a highly activated 
shallow junction [53]. Figure 2-14 shows schematically the difference between non- 
amorphising (1 ) and amorphising (2) implants [54J.
A non-amorphising implant is one where the implant damage is not high enough to 
completely disorder the periodicity of the crystalline structure as shown in figure 2.14(a). 
On annealing the generated silicon interstitials (I) and vacancies (V) recombine (b) 
leaving a net excess of interstitials (c) roughly equal to the number of implanted ions (+1 
model see section 2.3.2). These excess interstitials evolve into extended defects 
distributed throughout the majority of the implant distribution.
In contrast if the implant dose is increased the damage cascades overlap and result in an 
amorphous phase change, as shown in 2.14(d). No residual point defects are thought to 
survive in the amorphous region leaving only an excess of interstitials at the end of the 
implant, known as the End Of Range defects (EOR). During annealing the nucleation of 
these excess interstitials into extended defects occurs at a greater rate than the SPER 
process (e), therefore a band of extended defects is left at the EOR (f).
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Stage 1: As-implanted Stage 2 : 1/V recombination Stage 3: Defect Location
during annealing
Non-amorphising Implant --------------------------------------------------- ►
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Amorphising Implant
Figure 2-14 schematic representation of a non-amorphising implant and an amorphising implant 
The two sequences show essentially the main differences between the two implant regimes |54’.
Many groups have published contradicting reports regarding whether or not TED still 
occurs if a pre-amorphising implant is used. Many groups reported enhanced, but 
reduced boron diffusion l55 56 57’58^  while some have suggested that TED was completely 
retarded [59,60J. It was speculated by the majority of the reports that the observed TED was 
related to the EOR defect band remaining after SPER. It is quite widely understood today 
that the implantation conditions i.e. pre-amorphisation energy, species, dose and 
implant/anneal temperature, affect the EOR band, and hence the level of enhanced 
diffusion.
More recently, Pawlak et al. [611 reported on the electrical and atomic stability of a 
germanium pre-amorphised, boron doped layer. Figure 2-15 shows the Rs as a function 
of a lmin isochronal annealing from Pawlak’s study. The solid symbols demonstrate the
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effect of deactivation (which increases Rs) over a wide range of temperatures for varying 
amorphous thicknesses. The open symbols represent the same conditions but with an 
additional fluorine co-implant; this will be discussed in the following section.
BOO 850 900
T«noper»turo (°C)
Figure 2-15 Rs as a function of 1 min
isochronal annealing from 650 to 950°C. The
solid symbols represent B implanted at 1.5keV
into varying amorphous thicknesses. Open
symbols show the effect of 6keV F co-implant 
[61]^
As one can see, when a pre-amorphised layer is just re-grown (shown at the low 
temperature part of the curve) the initial Rs starts off low which corresponds to a high 
level of activation. However, as a further thermal treatment is applied the junction 
deactivates (indicated by an increase in Rs), followed by a recovery in activation above 
800°C. Boron deactivation during post-re-growth annealing without fluorine arises from 
the interaction between boron atoms and silicon interstitial atoms. Excess silicon 
interstitials flow down their concentration gradient from the EOR defect band, where their 
supersaturation is high due to ripening-dissolution of interstitial clusters and {113} 
defects in the EOR band, to the surface region containing the boron profile t62l  
Quantitative modeling of the EOR defect evolution and the resulting interactions between 
emitted silicon interstitials and boron atoms confirms this picture [63]. Such an effect 
hinders the technique, since to fabricate a fully working device requires many further 
thermal treatments which in turn result in a deactivation of the initially highly active 
source/drain regions. Not only is it necessary to form a highly active source/drain, it is 
important to retain the low resistance during further thermal processing, to maintain 
junction stability.
2.5.2 C o-im plantation (Fluorine/Carbon)
Fluorine has been used for over 30 years [64], mainly in the form of a BF2 molecule, for 
reasons which are out of the scope of this survey. However, interesting effects have often
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been observed in relation to boron diffusion and electrical activation when fluorine has 
been incorporated in some manner. There has been renewed interest in combining 
fluorine with a SPER process due to the deactivation/reactivation during post-re-growth 
annealing. The work by Pawlak et al. in figure 2-15 shows the effect of a 9keV fluorine 
(open symbols) co-implant on the post-re-growth deactivation. Comparing the Rs curves 
with and without fluorine, one can see that there is only one case when the amorphous 
thickness is 42nm (the largest thickness) that an improvement is actually observed. It is 
unclear how F stabilises boron doping profiles against deactivation. It has been proposed 
that SPER enables fluorine to form fluorine-vacancy clusters, which then act as traps 
preventing self interstitials from reaching the surface f65J. Such clusters have been 
detected by positron annihilation [66,67\  and further experimental evidence for an 
interstitial trapping mechanism has been reported [68,69,70,71,70-1. Other experiments suggest 
that fluorine forms complexes with boron atoms, preventing their diffusion and clustering 
with other boron atoms [72l
More recently, Cowem et al. [62] examined the relevance of the fluorine location in 
relation to the boron profile and the EOR defect band. Keeping the boron and pre- 
amorphising implants constant, three different fluorine implant energies were investigated 
(0.9keV, lOkeV and 22keV). This locates the fluorine peaks in three different locations 
1) over the boron profile (0.9keV), 2) between the boron and EOR defects (lOkeV) and 3) 
directly over the EOR defect band (22keV). The 10 and 22keV fluorine implants show 
very similar electrical results comparable to Pawlak’s 6keV fluorine shown in figure 2-15 
(open circles). However, the 0.9keV fluorine demonstrated no electrical improvement. A 
combination of simulations and experimental results favour a fluorine-vacancy cluster 
created during the SPER. Then on further annealing the emitted silicon interstitials from 
the EOR, are trapped on the fluorine-vacancy complexes.
Aside from fluorine, carbon has also been widely studied as a co-implant. Early reports 
have proved carbon to be highly efficient in the gettering of silicon interstitials 173,741 and 
even shown to inhibit the formation of extended defects t75l  It was suggested that carbon 
atoms captured silicon interstitials by forming complex defects which were stable at room 
temperature [74]. The effect of carbon co-implants in relation to boron doped layers have 
also demonstrated a reduction of boron enhanced diffusion during annealingt?6], however, 
at high anneal temperatures the silicon-carbon complexes dissolve leading to boron 
enhanced diffusion [77l  It was determined that for the carbon to react and cluster with the
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silicon interstitials the carbon atom must be initially incorporated within the lattice 
substitutionally. Diffusing silicon interstitials “kick-out” the carbon atoms, which then 
diffuse and react with other carbon atoms and silicon interstitials to form silicon-carbon 
clusters. An extensive experimental and theoretical study by Mirabella [78] showed that 
once a silicon interstitial had reacted and formed a complex with a substitutional carbon 
atom it was not able to stop any further silicon interstitials. Therefore, a high carbon 
concentration is required to restrict all the left over silicon interstitials.
Recently i79], it has been shown that a combination of fluorine and carbon co-implants 
can have an improved effect on the formation of boron ultra-shallow junctions. However, 
it has been shown recently that such implants can increase the off current leakage of a 
complete device[80].
2.5.3 Advanced A nnealing Schemes
After ion implantation it is necessary to run the implanted material through an anneal 
cycle (heat treatment) for two reasons; firstly, to repair the subsequent damage created 
during the implantation process and secondly, to electrically activate the dopant atoms. It 
is during this process where the silicon interstitials evolve into extended defects, interact 
with boron atoms, and result in boron clustering and enhanced diffusion (see section 2.4 
and 2.3, respectively).
The effect of the anneal ramp rates on the diffusion and electrical activation of boron has 
been studied by a number of groups [81,82l  The results demonstrated that by increasing 
the ramp rates, higher dopant activation was achieved while minimising dopant diffusion. 
As the enhanced diffusion is a transient effect (reducing with increasing temperature [15]), 
and the solid solubility limit for boron increases with increasing temperature, advanced 
anneal schemes try to reach a high temperature (near silicon melting point) and back to 
room temperature in the shortest time possible.
This advancement in anneal schemes can be seen in the evolution from furnace anneals, 
to rapid thermal anneals, then spike anneals, flash assisted anneals and laser annealing. 
However, it must be noted that laser annealing has been researched for over 25 years t83J, 
but due to integration issues laser annealing was never implemented as an industrial 
process [84l  Even though excellent results have been achieved, to date, these problems 
have still not been resolved.
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Recently, the main emphasis has been focused on flash assisted annealing which results in 
high electrical activation and a near “diffusionless” junction depth *-85]. However, due to 
such high ramp rates and temperatures, the substrate material can become deformed due 
to warping [86]. For the duration of this study only conventional rapid thermal anneals 
were performed.
2.6 V acan cy  E n g in ee rin g
As already shown in this survey, it is well known that process induced silicon interstitials 
are the underlying cause of TED and BICs. Pre-amorphisation and SPER shows great 
improvements in dopant activation but is hindered by the generation of an EOR defect 
band which limits junction stability, causes excessive device leakage, and the requirement 
of a crystalline ‘seed’ hinders the advancement into new materials such as SOI. Vacancy 
engineering differs from competing techniques as it helps to eliminate the interstitial 
supersaturation through an interstitial-vacancy annihilation mechanism, without the need 
for using co-implants such as fluorine or carbon. The main principle is to generate an 
excess of vacancies in the vicinity of the boron implant via a co-implant process, typically 
preceding the boron implant. This section presents the fundamental mechanism and 
history of the vacancy engineering technique.
2.6.1 Vacancy Engineering Principle
The history of vacancy engineering can be traced back to 1980 when Winterbon et al.t9] 
observed an increase in surface vacancy concentration when high energy implants were 
simulated using the Net Recoil Density (NRD) algorithm, which is simply expressed as:
(■*■) = Si/ (x) — Siy (x) gq 2-i
Where, CpfxJ is the defect distribution calculated from Si/(x) and Siyfx) representing the 
generated silicon interstitial and vacancy concentration, respectively. Therefore, if  Cp(x) 
is negative the defect distribution is determined to be vacancy rich and conversely 
interstitial rich when Cp(x) is positive. Mazzone et a l .[87] applied this theory to a Monte- 
Carlo simulation of a 50keV phosphorous implant to a dose of 1014 cm'2. Figure 2-16 
shows the calculated defect distribution, illustrating the vacancy and interstitial rich 
regions. The defect distribution is normalised to the total number of ions in order to 
represent the average contribution of each ion to the damage formation. It can be clearly
40
Chapter 2:Literature Survey
seen that a vacancy rich region occurs in the near surface region. The separation distance 
between the excess vacancies and interstitials can be enlarged by increasing the energy of 
the incident ions. The average separation can be approximately described by Rp-ARp, 
where Rp is the projected range and ARp is the range straggling of the incident ion [88].
This is the fundamental principle behind the vacancy engineering technique and it is this 
surface region which is used in an attempt to improve boron doped layers. The 
experimental reasoning for such an occurrence is as follows:
The forward momentum transferred from the impinging high energy ions to the host 
lattice atoms creates a slight displacement between the interstitial and vacancy 
distributions (Frenkel pairs). On annealing, recombination between the local interstitials 
and vacancies occurs leaving a net increase in vacancies close to the surface which 
corresponds to an increase in silicon interstitials around the projected range o f the high 
energy implant [89,90j
Eleven years after Winterbon’s initial theory, Holland et al. [10] used TEM to prove 
experimentally the presence of voids in the near surface region (agglomeration of 
vacancies) after a high energy (1.25MeV) silicon implant.
Int Excess
Figure 2-16 the net recoil distribution from a Monte-Carlo simulation of a 50keV P implant to a dose 
of 1014 cm'2: interstitials minus vacancies. The vacancy and interstitial rich regions corresponds to 
depths where the distribution is below and above the origin, respectively |8?l.
2.6.2 Vacancy Engineering for Suppressing TED
The actual effect of a vacancy engineering co-implant on a boron doping process was 
under some debate in the early 90s since Raineri et al’s. [91] initial study. Raineri et al. 
were one of the first groups to study experimentally the effects of high energy co­
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implants in relation to boron enhanced diffusion, using a IMeV silicon implant combined 
with a lOkeV boron implant. The initial findings clearly demonstrated that TED was 
reduced if a silicon co-implant was used. Raineri speculated that the damage created by 
the high energy silicon implant acted as a gettering layer, trapping the excess silicon 
interstitials generated by the boron implant. This theory was also supported by Saito et al. 
[92] who found that a phosphorus co-implant had a similar effect in reducing boron 
enhanced diffusion. It was not until 1997, when Roth et al. [93] used a Silicon On 
Insulator (SOI) substrate to investigate the effect of a high energy co-implant, that the 
effect of excess vacancies was really considered as the probable cause for the reduction in 
boron TED.
Roth et al. were the first group to experimentally investigate the origin of the diffusion 
reduction by actually physically decoupling the two excess defect regions (interstitial and 
vacancies) via what was thought as a diffusion barrier. It was suggested that the Buried 
Oxide (BOX) layered structure in SOI would restrict the excess silicon interstitials from 
diffusing back into the silicon top layer and annihilating the generated vacancies, 
providing the majority of the silicon interstitials were positioned beneath the BOX. This 
back diffusion of interstitials was observed by Eaglesham et al. [94] using similar 
implantation parameters but performed in bulk silicon. Using a 2MeV silicon implant 
energy Roth et al. positioned the majority of the excess interstitials well below the BOX. 
A successful reduction in boron TED was achieved, however, it was not possible to 
unambiguously determine the vacancy effect as the boron implant itself was a source of 
silicon interstitials due to the implant damage.
In the late 90s Venezia et al. [95] proved conclusively that vacancies were behind the 
reduction of boron TED, using a SOI structure similar to Roth to distinctly separate the 
two defect regions. However, this study used epitaxially grown boron doped marker 
layers instead of a boron implant to detect the effect of a IMeV silicon vacancy 
generating implant. Figure 2-17 shows the simulated distribution of the vacancies and 
interstitials before (a) and after (b) a 790°C, 600s anneal. One can see that after such a 
thermal treatment the surface silicon layer is predominantly vacancy rich and the 
underlying silicon (beneath the BOX) is interstitial rich.
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Figure 2-17 (a) simulation of the interstitial and vacancy distribution created by a IM eV , 1016 cm*2 
silicon implant, (b) Atomistic simulation of the defect distribution in part (a) after 600s, 790°C anneal. 
Dashed line represent the position of the BOX [9S1.
1019: —  As-grown 
-O- 790°C / 600s
40-keV Si + 790°C / 600$
(a)
1 MeVSi lx l0 ‘6/cm2 ft
—  As-implanted 
-O- 790°C / 600s 
-•* 40-keV Si + 790°C /  600s
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Depth [nm]
Figure 2-18 (a) boron SIMS profiles of marker layers implanted with silicon at 40keV silicon to a dose 
of 5x1013 cm*2 and annealed at 790°C for 600s. Also included in the figure are profiles from as-grown 
and control boron marker layers, (b) Boron SIMS profiles of marker layers implanted with IM e V  
silicon ions to a dose of 1016 cm*2 followed by a 790°C 600s anneal, or a 40keV Si 5x l013 cm'2 implant 
and 790°C 600s anneall9S|.
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Diffusion of six boron marker layers within the silicon top layer was used as detectors for 
the experiment. A low energy (40keV) silicon implant was used to controllably introduce 
implant damage into the top surface silicon layer (hence induce TED). Figure 2-18 (a), 
shows SIMS analysis of the boron marker layers after a 790°C 600s anneal with and 
without a 40keV silicon implant. One can see that enhanced diffusion occurs only if a 
low energy silicon implant is used. Figure 2-18 (b) clearly illustrates the effect of the 
high energy (IMeV) silicon implant if  performed before the low energy silicon implant, 
resulting in no TED. This shows that the excess vacancies are highly efficient at 
‘mopping up’ excess silicon interstitials which lead to TED, and proves the reduction in 
TED seen in previous reports is due to the presence of a supersaturation of vacancy type 
defects.
More recently, work by Nejim et a l .[96] investigated the effect of vacancy engineering on 
the diffusion of three different boron implants, lOkeV, 5keV and 2keV after a 1000°C 
anneal. Keeping the silicon energy constant at IMeV, the amount of diffusion observed 
on annealing for all three cases were significantly different. Complete TED retardation 
occurred at lOkeV, and significant reduction in enhanced diffusion at 5keV but there was 
no reduction at 2keV. It is also interesting to note that when a comparison between SOI 
and bulk was made with the 5keV boron implant, the SOI sample showed a greater 
reduction in enhanced diffusion than the bulk silicon equivalent, supporting the usage of 
SOI. It was suggested that there might be a possible threshold dose and energy of the 
vacancy engineering implant to tailor the excess vacancy generation to a specific boron 
implant, maximising the effect on reducing TED.
2.6.3 Vacancy Engineering to Im prove D opant Activation
Vacancy engineering has been shown by a range of groups to reduce anomalous 
diffusion, see references i94’97*9«,99,100,91,93,96] ancj references within. The research dedicated 
to investigating the effects on electrical activation is significantly less. As the focus was 
more on diffusion, the experiments tended to use low boron doses combined with high 
temperature anneals, where the doping levels were well below the solid solubility limit. 
Thus many opportunities to observe improved activation were missed[101].
Shao et a l .[88] were one of the of the first groups to perform electrical measurements (Rs) 
on vacancy engineered substrates using a 500keV silicon implant combined with a 2keV 
boron implant. Even though an improvement in Rs was observed at low temperatures
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(400°C and 600°C after 10s) the resulting Rs was still -2500 ohms/sq, much greater than 
required by the ITRS. A more detailed study was performed by Kalyanaraman et al. [102] 
a year later. The active fraction of a 40keV boron implant with a dose of 2x1014 cm'2 was 
studied over a wide range of anneal temperatures. The number of active boron atoms was 
determined by integrating spreading resistance profiles, leading to the data presented in 
figure 2-19. One can clearly see that a distinct improvement in dopant activation is 
achieved showing a factor o f-2.4 improvement, even at low temperatures.
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Even the studies on boron activation discussed here typically used low boron doses and/or 
relatively high boron ion energies. It was not until recently that Shao et al. [103] 
investigated the effects of vacancy engineering on an ultra-low energy (500eV) boron 
implant with a relatively high dose (1015 cm"2). This was the first instance of vacancy 
engineering implants (MeV silicon) having the ability to actually raise boron activation 
above solid solubility. However the observed enhancements were not solely from a 
vacancy engineering implant, since a combination of pre-amorphisation and vacancy 
engineering was used. A germanium implant preceded the boron implant then the 
vacancy engineering implant followed. The level of activation was actually inferred from 
an indirect technique using a combination of measured Rs, mobility assumptions and 
SIMS analysis. Figure 2-20 shows the SIMS analysis of the 500eV boron implant 
with/without a vacancy engineering implant (termed PDE by Shao, meaning Point Defect 
Engineering) for two different anneal temperatures. The “kink” as discussed in section 
2.4, is higher in both cases having an improvement in activation of a factor of 2.5 at 
900°C, corresponding to levels above solid solubility.
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Figure 2-20 SIMS profiles of 101S cm'2, 0.5keV boron implants, with or without M eV Si co­
implantation, after annealing at 1000°C for Is  (a), or 900°C for 10s (b) {1031.
It must be noted that a combination of pre-amorphisation and vacancy engineering has 
also been examined by Larsen [104-1 and Saito tl05J showing that vacancy engineering 
implants are highly efficient in removing EOR damage.
2.7 S u m m a ry  o f  L ite ra tu re  R eview
The natural demand for faster more complex electronic equipment is the driving force for 
semiconductor device miniaturisation. However reducing all the device geometries 
becomes difficult, especially for regions known as the source/drain extensions, specified 
in terms of junction depth and resistance. Boron is undoubtedly the most popular p-type 
dopant for the source/drain regions of the PMOS device. Due to process related problems 
such as TED and BICs, the formation of shallow and highly active junctions is hindered. 
Therefore, achieving the junction requirements set out by the ITRS become ever more 
difficult. It is well known today that the implantation damage generated during the 
creation of the source/drain regions is the underlying cause of such detrimental effects. 
As the device requirements become even more stringent, the actual focus is shifting from 
junction depth requirements to achieving the required low resistance. To achieve this, a 
technique is required to overcome the boron clustering mechanism and therefore improve 
the level of electrical activation to levels even beyond the solid solubility limit.
The most popular technique to date is a combination of pre-amorphisation and SPER. 
This process has been proven to achieve highly active shallow layers, to above solubility
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at low temperatures. However, the inherent formation of an EOR defect band limits the 
usage due to junction leakage, stability and deactivation. Clever co-doping techniques of 
highly reactive elements such as fluorine and carbon have been shown to improve 
junction deactivation, but problems can occur at device level hindering their application.
Vacancy engineering is a possible rival to pre-amorphisation and SPER. This technique 
deals directly with the interstitials by generating a competing excess of vacancies to 
counteract the effect of the interstitials, through an interstitial-vacancy recombination 
reaction. Extensive studies on boron diffusion show that TED can be reduced and in 
some cases completely retarded. However, there is a severe deficit of research in relation 
to boron electrical activation. Improvements have been shown but currently they are not 
sufficient to compete with pre-amorphising techniques. The majority of the studies so far 
have examined the effects on medium energy and/or low dose boron implants. The only 
study to date which investigates the effects on an ultra-low energy boron implant is 
actually a combination of pre-amorphisation and vacancy engineering.
Reviewing the scientific literature surrounding vacancy engineering has highlighted a 
distinct lack of research in the following areas:
• The effect of vacancy engineering on ultra shallow boron implants, how they 
activate and diffuse.
• The effect of vacancy engineering in an SOI substrate. It is thought that a change 
to SOI is inevitable and the ITRS predicts this will take place in 2008.
• Optimisation of the vacancy engineering implant. Typically, high silicon 
energy/dose implants have been used to generate the vacancies, mainly around 
the IMeV/lO cm' regime. To make the process more appealing as an industrial 
process a much lower energy/dose would be required as many new fabrication 
lines are limited to 200kV potentials and lower doses are more economical.
• Traditionally, the vacancy engineering implant has always preceded the boron 
implant. Investigating the effects of reversing the implant order in terms of 
activation and diffusion may help in the optimisation of the technique, or shed 
light on the mechanisms involved in activation enhancement.
These key points are the basis of the research within this thesis and form the two main 
objectives as stated within chapter 1 .
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C h a p t e r  3
3  E x p e r i m e n t a l  T h e o r y  a n d  T e c h n i q u e s
3.1 In tro d u c tio n
To obtain the data shown within chapters 4-8, the samples undergo many processes 
before a measurement can be made. This chapter is dedicated to explaining the theory 
behind the major experimental techniques used within this thesis, from the initial ion 
implantation and annealing to the measurement techniques such as Hall, RBS and SIMS 
analysis.
3.2 Io n  Im p la n ta tio n
Ion implantation is a widely used technique in materials synthesis and modification. It is 
a key doping technique in semiconductor processing, and it is also used to induce phase 
transformation, synthesis and structural transformations of materials [7]. The reason for its 
popularity is due to such advantages as:
• High reproducibility
• High precision over the depth of the penetrating ions
• Purity of the beam
• Implantation is possible through a mask
• Can be performed at wide range of temperatures
• Improves yield of devices/circuits, hence cost reduction
The main disadvantage is the damage to target substrate which remains after implantation. 
The damage occurs due to the impinging ions displacing host atoms from their original 
lattice sites. The energy required to displace a single host silicon atom is in the order of 
13eV [22] so even at low implant energies the hosts crystalline structure becomes highly
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disordered. A subsequent thermal cycle (anneal) is required to return the crystal structure 
and activate the implanted dopants. In the majority of the experiments used in this study 
the samples have undergone two implant procedures. The first is used to create an excess 
of vacancies as described in section 2.6, whilst the second is used to dope the near surface 
region p-type utilising the generated vacancies. The reasons for this specific implant 
order are discussed in chapter 4.
3.2.1 Key components to an Ion Im plan ter
The basic principle of ion implantation and ion implanters is similar across the majority 
of models. To explain the fundamental theory of an ion implanter the Danfysik 1090 
(shown in figure 3.1) has been chosen as some of the work reported on within this thesis 
was performed using this specific equipment. An ion implanter can be broken down into 
four main sections:
• Source chamber
• Analysing magnet
• Acceleration tube
• Target chamber
Figure 3-1 plan view Schematic of Surreys Ion Beam Centre’s Danfysik 1090 Ion Implanter. Implant 
range of 2kV to 200kV.
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3.2.2 F rom  Source to T arget
The source chamber is used to sustain a plasma from which a beam of ions can be 
extracted. This is achieved by ‘boiling’ off electrons from a tungsten filament through a 
thermionic reaction. These electrons drift through the source containing the desired 
atoms which are to be ionised. Magnets surrounding the source chamber influence the 
electrons to drift in a helical motion which increases the cross section of the electron path, 
improving the ionisation efficiency. An aperture at the end of the source chamber is held 
at a negative potential (15keV-40keV) to attract the ions, extracting a beam which can be 
mass selected or accelerated.
In the case of the Danfysik 1090, the ions are mass selected before they are post 
accelerated. This means the size of the analysing magnet is greatly reduced. The 
extracted beam from the source will contain many species of ions. For B implantation the 
most common gas precursor is BF3, therefore the extracted beam will contain molecular 
ions and single ions such as BF2, BF, F, B10, F2 or B11 of varying charge states.
Due to the varying charge to mass ratios of the extracted ions an analysing magnet is able 
to filter out the unwanted ions. This is possible by tuning the magnetic field to only 
influence the desired ions enough to steer them round the 90° bend, hence, the undesired 
heavier ions will not be influenced enough and the lighter ions will be influenced to a 
greater extent.
After mass selection the ions are accelerated to the desired velocity using an electric field. 
With the desired ions travelling at the required velocity the flight tubes containing the 
beam may incur a 7° offset before entering the target chamber, which is designed to 
remove the neutral fraction of the ion beam, hence, minimising possible energy 
contamination.
The target chamber houses the substrate which can be mounted in varying ways 
depending on the application and experiment. Parameters such as substrate temperature, 
tilt and rotation can all be adjusted. To achieve large area implants the ion beam is raster 
scanned over the target, either magnetically or electrostatically.
In the case of the Danfysik 1090, to achieve an ion energy of less than <10keV a 
deceleration lens is required which is also mounted in the target chamber. This lens 
system holds a single wafer at any one time and has a deceleration potential range of
50
Chapter 3:Experimental Theory and Techniques
lOOeV to 30keV. Varying acceleration and deceleration potentials have been 
experimentally studied by Gwilliam et. al. [106], showing a lOkV acceleration potential 
combined with a 8kV deceleration potential provides the best implant uniformity for a 
boron 2keV implant over a 6” diameter wafer.
Finally, when a desired atom has undergone ionisation, mass selection and acceleration it 
will penetrate the substrate to a depth determined by the velocity and angle of the 
impinging ion, coming to rest due to a loss of momentum caused by two types of 
interactions with the host lattice, which are discussed in the following section.
3.3 Ion  S top p in g  an d  R an g e
Each implanted ion undergoes a random path as it moves through the target material 
losing energy by two distinct interactions. Firstly, it loses energy inelastically by exciting 
and ionising electrons of the target atoms (electronic stopping). Secondly, it loses energy 
by elastic, Columbic collisions with the target atoms. It is clearly seen in figure 3.2 that 
the stopping power at high energies is dominated by electronic stopping which means that 
energy is transferred to the atomic subsystem by means of electron-phonon coupling, 
resulting in an increase in local lattice temperatures. As the ion velocity decreases, 
nuclear stopping dominates causing host atoms to be recoiled leading to a subsequent 
nuclear collision cascade.
Stopping
Powers
Electronic
Stopping
Nuclear
Stopping
Ion Velocity
Figure 3-2 relative amount of nuclear and electronic stopping power as a function of the ion velocity. 
The peaks in the stopping powers are indicated for silicon to be at ion energies of 28keV and 28MeV  
for nuclear and electronic stopping in silicon, respectively.
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Most applications have ion doses more than 1012 cm'2 and their average behaviour can be 
well predicted. The total path length the ion undertakes until it comes to rest is known as 
the range (R) and is composed of a mixture of vertical and lateral motion. The average 
depth of the implanted ion is known as the projected range (Rp).
Surface Total distance shown in black is
Figure 3-3 schematic of the random trajectory of an implanted ion. The total distance travelled by an 
implanted ion is known as the ion range (R) and the average stopping distance with respect to the 
surface is known as the project range (RP) l?l.
The distribution of the ions can be approximated by a Gaussian curve with a standard 
deviation (op), shown schematically in figure 3.4. The ion concentration can be expressed 
as n(x)[7]:
n(x) = na exp -Cx - R P)2
2 ctd2 Eq. 3-1
If the total dose is O, then integrating equation 3.1 gives an expression for peak 
concentration (no).
= O 0.40
V2n a p crp Eq. 3-2
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In general, an arbitrary distribution n(x) can be characterised in terms of its moments. A 
standard Gaussian distribution can be determined with just the projected range and 
straggle. However, experimentally it is better to use a distorted Gaussian distribution 
which uses more moments, known as the skewness and kurtosis. Qualitatively, the 
skewness measures the asymmetry of the distribution, while the kurtosis measures how 
flat the top of a distribution is [7l
3.4 Io n  I r ra d ia t io n  D am ag e  A ccu m u la tio n
As an ion slows down and comes to rest in a crystal, it makes a number of collisions with 
the lattice atoms. In these collisions, sufficient energy may be transferred from the ion to 
displace an atom from its lattice site. Lattice atoms which are displaced by incident ions 
are called primary knock-on atoms (PKA). The PKAs can in turn displace other atoms, 
secondary knock-on atoms, tertiary knock-ons, etc... - thus creating a cascade of atomic 
collisions. This leads to a distribution of vacancies, interstitial atoms, and other types of 
lattice disorder in the region around the ion track. As the number of ions incident on the 
crystal increases, the individual disordered regions begin to overlap. At some point, a 
heavily damaged layer is formed. The total amount of disorder and the distribution in 
depth depend on ion species, temperature, energy, total dose, and channelling effects.
The energy required to displace the lattice atom represents the displacement threshold and 
is called the displacement energy (Ed). If in the collision process the energy transfer to 
the lattice at (T), is less than Ed, the struck atom undergoes large amplitude vibrations 
without leaving its lattice position. The vibrational energy of the atom is quickly shared 
with nearest neighbours and appears as localised source of heat. If, however T>Ed, the 
struck atom is able to move out of the potential well that represents its stable lattice site 
and moves off into the lattice as a displaced atom. In the simplest case, the displaced 
atom leaves a vacancy and occupies an interstitial site in the lattice (a Frenkel pair) [107].
The ion irradiation of crystalline structures causes structural changes which can result in a 
crystalline phase becoming amorphous or poly-crystalline. The driving force for an 
induced transformation is provided by the energy to the lattice during the penetration 
subsequent stopping of an energetic ion [108]. As point defects, defect complexes, or 
localised amorphous regions accumulate due to successively generated collision cascades 
the target material becomes highly damaged and the crystalline silicon becomes unstable
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and transforms into an amorphous structure. Inducing such a phase change with an ion 
beam can be very beneficial for many processes, this is discussed in more detail within 
section 2.5.1 [51].
3.5 A nn ea lin g
After an ion implantation process a thermal cycle must follow to repair the subsequent 
damage to the crystalline structure and electrically activate the dopant. The tendency for 
the disordered material to return to a crystalline state is because the free energy is lower 
for a crystalline state than for a disordered state. Silicon forms strongly covalent, 
directional bonds, and a solid condition of minimum free energy is achieved by having 
these bonds arranged in a tetrahedral configuration f52].
This means the thermal cycle dictates the degree of electrical activation and quality of the 
repaired layer and hence the sheet resistance. The samples used within this study have 
been annealed using a Process Product Corporation (PPC) rapid thermal annealer which 
uses two banks of nine tungsten-halogen lamps above and beneath the quartz wafer 
holder. The layout of the lamps and wafer support is shown in figure 3.4.
Water Cooled Housing Lamp Array Support Wafer
Wafer Flat
Exhaust
Quartz Liner Thermocouple Quartz Wafer Tray
Door
Gas Inlet
Figure 3-4 2D cross section of the 18 lamp PPC annealer chamber, highlighting all the key 
components.
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3.6 C a lib ra tio n  o f  th e  P P C  A n n e a le r
Annealing is a crucial process within industry/research and it is imperative for 
experimental credibility that the machine is able to produce a uniform and accurate 
temperature, reproducibly. The following sections discuss these parameters in relation to 
the rapid thermal annealer used throughout this study.
3.6.1 Anneal uniform ity
As the electrical activation of dopants is directly related to the anneal temperature/time, 
the Rs of highly doped crystal and polycrystalline materials are suitable as indirect 
temperature sensors for some high temperature RTA processes [109-*. It is possible to test 
the temperature uniformity across the chamber by positioning identical samples across the 
width and breadth of the support wafer, run a thermal cycle then measure and compare 
the sheet resistances.
The uniformity of the PPC annealer was initially tested in terms of Rs measurements from 
nine identical (10x10mm) samples located across the 4” support wafer. These initial tests 
demonstrated a distinct uniformity problem. More specifically, the Rs measurements 
indicated a 94% difference in Rs from the back of the chamber to the front. Repeating the 
same test with a second set of identical samples in the exact same locations showed that 
the machine was still in error, but with the same Rs distribution of the previous run. This 
variation across the wafer was found to be due to the gas flow pattern and temperature 
error. As the cold ambient gas is introduced directly into the front of the chamber a 
temperature gradient is inherently generated from the front to back, due to the increase in 
gas temperature as it propagates down the chamber. To compensate for this effect it is 
possible to distribute the power to lamps in a staggered fashion.
To improve the uniformity of the gas flow a second exhaust was added to the rear of the 
chamber in an attempt to even out the gas flow across the chamber. To reduce the 
temperature gradient from front to back the power distribution to the lamps were tuned so 
the front section of the chamber is hotter in respect to the rear. This creates an even 
temperature throughout the chamber, compensating for the cold input gas.
The whole calibration process has been omitted for brevity. Four-point probe (4pp) Rs 
wafer maps shown in figure 3.5 illustrate the uniformity (a) before and (b) after 
calibration, indicating the degree of error from front to back being reduced from 8.5% to
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0.8%. Figure 3.5 (b) shows the left hand side o f  the wafer map having a lower Rs in 
relation to the rest o f  the wafer. It is speculated that this is due to the support wafer 
having a secondary flat which corresponds to this side o f  the wafer which did not have a 
secondary flat. However, even including this within the statistics the whole wafer has 
uniformity o f  2.4%, which approaches the uniformity error associated with the boron 
implant itself (~2%) [110]. The implants used to create these test wafers were o f  a much 
higher energy and lower dose (2keV to a dose o f  l x l 0 14 cm'2) than the typical samples 
used within the experimental chapters o f  this thesis, and therefore, making the test wafers 
less sensitive to temperature fluctuations, especially at high annealing temperatures.
Hm 1422.675 1400.649
Figure 3-5 Rs wafer maps of 4” wafers implanted with B at 2keV to dose of lxlO 14 cm’2 before (a) and 
after (b) staggering the power distribution to the 18 lamps of the PPC annealer. Note; the scales for 
(a) and (b) are not normalised. As an indicator the red arrows illustrate the gas flow over the front 
(flat) to the rear of the wafer.
Therefore, to complete the tuning process a subsequent set o f  uniformity tests were 
performed on a more relevant set o f  samples. Optimising the power distribution even 
further resulted in a standard deviation in Rs across the whole wafer o f  -2%  (Figure 3.6). 
To increase the reproducibility and uniformity o f  the experimental samples, a select area 
was chosen on the support wafer to be the designated area in which to anneal the samples 
throughout this study. This area is indicated in Figure 3.6 via the red dotted rectangle. 
This area was specifically chosen from knowing that the gas flow  pattern and temperature
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uniformity to be the most accurate in this region. This area was further tested for anneal 
uniformity to obtain a value o f  uncertainty associated with samples actually used within 
this thesis. From the 9 samples the standard deviation was in the order o f  4%  and the 
total uncertainties associated with the samples are discussed in section 3.13.
Figure 3-6 Rs measurements (4pp) from 9 samples across the 5” support wafer, demonstrating the 
improvement in uniformity after re-calibration/modification. Indicating 4% difference in Rs from 
rear of the chamber to the front The dotted red rectangle highlights the selected area from which all 
samples have been annealed to minimise the temperature and uniformity errors.
3.6.2 The actual temperature
A  direct determination o f  the actual temperature at which the samples have been annealed 
is a non-trivial task. Therefore, indirect temperature sensitive reactions have been a 
preferred method for frequent system calibration [111]. Recently, Timans et al. |112J 
proposed a technique using the epitaxial re-growth o f  amorphous silicon on crystalline 
silicon as a reproducible physical process for temperature monitoring. Hamilton et a l . [1131 
used this technique to determine the actual temperature o f  the PPC annealer. Using a 
combination o f  experiments and simulations it was possible to determine the actual and 
expected amount o f  solid phase re-growth after a 570°C anneal for 54s. It was found that 
the thickness remaining was ~4nm less than what was expected. To correct for this 
difference it was determined that the actual temperature must be in the order o f  563°C, 
corresponding to an error o f -1%  in this temperature range.
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3.6.3 Reproducibility of the Anneal Cycle
To improve the reproducibility o f  the PPC annealer, run to run, it was necessary to 
replace an existing analogue chart recorder, which only enables one output to be 
monitored at any one time. Using the built in GPIB 488 output from the Micristar 
controller, Benson et al. [114] designed a data acquisition program to acquire and record all 
available outputs, enabling a digital copy o f  the anneal cycle in a much greater detail. 
This improved fault diagnostics and increased the reproducibility from one anneal cycle  
to another. Figure 3.7 demonstrates the new data acquisition system illustrating a 10s, 
900°C anneal.
Time (s)
Figure 3-7 example of a 900°C 10s anneal demonstrating the digital output from the new data 
acquisition system. Illustrating the anneal cycle in terms of actual temperature (red curve) and set 
point (black curve). The output power used to generate such an anneal is shown in green.
To test the temperature reducibility from one cycle to another, Rs measurements were 
performed twice at 800 and 900°C. The 2nd runs were performed in quick succession after 
the initial runs.
Table 3-1 comparison of the repeatability of the annealer by two successive anneals performed at 800 
and 900°C
Anneal: 800°C 10s Anneal: 900°C 10s
1st Run (Ohms/sq) 2nd Run (Ohms/sq) Difference 1st Run (Ohms/sq) 2nd Run (Ohms/sq) Difference
2222 2142 4% 827 835 1%
3151 3185 1% 1120 1169 4%
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3.7 Electrical Measurements
3.7.1 Four Point Probe (4pp) Sheet Resistance Measurements
Simplicity, speed and minimal sample preparation has made the 4pp technique a world 
wide process for determining the sheet resistance o f  semiconductor materials. Figure 3.8 
shows the geometry and layout o f  a typical 4pp measurement with the corresponding 
expression to calculate the Rs, where I  is the applied current, V is the measured potential, 
S  is the probe spacing and t  is the thickness o f  the specimen. Current enters and leaves 
via the outer probes, 1 and 4, while the potential difference between the inner probes, 2 
and 3, is measured under open circuit conditions.
Figure 3-8 the standard 4pp technique of measuring a semiconductors sheet resistance. Current 
enters and leaves via the outer probes, 1 and 4, while the potential difference between the inner 
probes, 2 and 3, is measured under open circuit conditions.
To achieve an accurate measurement, two correction factors must be taken into account, 
Cfi and Cf2, where Cfi represents the correction factor for the geometry and size o f  the 
sample (square, circle or rectangle) and Cf2 corrects for the thickness o f  the layer in 
relation to the probe spacing (t/s). The correction factors shown are typical values used 
for a 10x1 Omm sample with a probe spacing o f  1mm where is S »  t (the thickness o f  the 
doped layer, <50nm)[115l
Clarysse et a l . [116] have shown that for a lOOg weighted 4pp system the penetration depth 
o f  the probes can be in the order o f  130nm and lead to errors o f  up to 300% in the 
measured Rs. A s the available tool is rated at 200g, greater errors could be involved, 
even though comparisons with 4pp and Van der Pauw resistance measurements have not 
shown errors o f  such a magnitude. Throughout this study the 4pp was used to check for 
errors associated with annealing and sample preparation. However, the results within the
> f V > <
- 4 .4 5 1 6 x 1
/
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experimental sections o f  this thesis were all determined using the Van der Pauw technique 
which has ultra-light probes, minimising probe penetration.
3.7.2 Van der Pauw Sheet Resistance Measurements
Van der Pauw in 1958 C117] established a method o f  calculating the resistance o f  an 
arbitrary shape using a four-point method. This consists o f  four ohmic contacts at 
arbitrary points along the perimeter. The only conditions to be met are as follows:
1. The contacts are at the circumference o f  the sample.
2. The contacts are sufficiently small
3. The sample is homogeneous in thickness
4. The sample does not have any holes or scratches.
Figure 3-9 example of a flat homogenous sample of an arbitrary shape, with four contacts (1 ,2 ,3  and 
4) that satisfies the Van der Pauw requirements.
Van der Pauw calculated a method o f  determining the sheet resistance by the following  
expression[118,117]:
Where R34,2i is determined by applying a current through contact 3 and out o f  contact 4 
(13,4) and measuring the voltage across contacts 2 and 1 (V21) and using the following 
relation:
1
4
Eq. 3-3
=  1
Eq. 3-4
Similarly R42,i3 can also simply be expressed by:
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_  Vb Eq.3-5
42,13 — T
42
Calculating the Rs from equation 3.1 can be simplified i f  the sample has a line o f  
symmetry through points 3 and 2 as then R34,2i=R42,i3:
• R ~ ^ - R  Eq‘ 3‘ 6
5 In 2 34,21
If the above case is satisfied only a single measurement is required, however in the
general case it is not possible to express Rs explicitly. This means the following
expression has to be used:
R  — 71 ^ 3 4 ,2 1  ^ 42 ,13  r  ^
s ~  ln2  2
R
W h e r e /is  a correction factor, which is a function o f  the ratio ■ as plotted in figure
^42,13
3.10 [ 1 1 7 , 1 1 8 ]
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Figure 3-10 The asymmetry (Q) which appears in the Van der Pauw expression for resistivity, from 
the ratio /?34, -  .
4^2,13
The correction factor, Q, can compensate for a value up to roughly 1.5 before the data 
becomes unusable, as a high value could indicate an uneven layer or poor contact.
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3.7.3 Van der Pauw Sample Geometry
Van der Pauw analysis o f  resistivity o f  arbitrary structures assumes point-like electrical 
connections to the sample. This ideal can be difficult or impossible to achieve, especially 
for small samples 1119]. Thin layers cannot, in general, be contacted on their edges so again 
the ideal Van der Pauw geometry cannot be achieved. In these cases it becomes 
important to consider alternative geometries. A number o f  contact methods have been 
investigated and examined in terms o f  accuracy. The commonly accepted solution is to 
employ a sample in the shape o f  a clover-leaf pattern as illustrated in figure 3.11. The 
leaves provide a conveniently large area for the contact formation, while acting as ideal 
edge contacts for the small central region [120].
Figure 3-11 The clover-leaf shape commonly used for Van der Pauw measurements (a). The leaves 
provide large areas for alloyed surface contacts while themselves forming edge contacts to the small 
central region of the sample.
The clover-leaf design also fulfils the criteria for performing Hall measurements, which is 
discussed in the following section. Simpler designs such as square and circle structures 
have been investigated and shown by Look t,21] to have errors as large as 15% and 13%, 
respectively, when determining the Hall coefficient. Van Daal et al. [122] showed it was 
possible to reduce these errors using the clover-leaf geometry in terms o f  Rs by a factor o f  
10-20 and 3 to 5 for the Hall coefficient.
Samples were once physically cut into the geometries making cloverleaf patterns 
mechanically weak and difficult to create. Techniques such as photolithography have 
made patterning more straightforward and repeatable.
3.7.4 Creating Van der Pauw (VDP) Patterns
Due to the advantages discussed previously, the VDP clover-leaf design pattern (shown in 
figure 3-11) was used throughout this study. This section guides the reader through a 
typical cloverleaf patterning process, where three critical processes take place to generate 
reproducible VDP patterns. These are sample cleaning, photolithography and etching, 
which are all discussed in the following sections.
□
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3.7.5 Sample Cleaning
It is crucial to the photolithography process that the surface in which a VDP pattern is to 
be generated is sufficiently clean. Typically a ‘three stage’ clean is used to remove 
particles/organic impurities and is often adequate enough. This consists o f  submerging the 
sample/s in warm acetone (~5mins), then warm methanol (~5mins) and finally isopropyl- 
alcohol (~5mins), followed by a De-Ionised (DI) water rinse. It is important to keep the 
surface sufficiently hydrated during transportation o f  the sample/s from one solution to 
another until the drying stage, as solvents evaporating from the surface tend to leave 
residue marks, reducing adhesion o f  the photoresist in the following stage. Once the 
samples have been rinsed in a constant flow o f  DI water the samples are dried with 
nitrogen (N2) expelling majority o f  the water from the sample surface. However, to 
complete the desorption o f  water a dehydration bake is required, normally performed on a 
hot plate at a temperature o f  between 120-140°C [123].
3.7.6 Photolithography
Photolithography is a technique which is used to open windows to the silicon surface. In 
this case a positive photoresist (Shipley 1828) is spun on to the sample face at a rate o f  
5500 rpm for a 60s duration. This corresponds to a thickness o f  ~2.8pm; it is possible to 
increase/decrease the thickness by decreasing/increasing the spin speed, respectively. It 
is important to keep the photoresist at the optimum storage temperature o f  around 5-10°C  
to inhibit degradation. If  the bottles are refrigerated it is important to let them return to 
room temperature before they are opened as condensed water w ill deteriorate the resist, 
resulting in a reduction o f  adhesion which in turn hinders the success o f  the etching.
Once the sample is coated with the photoresist it is necessary to perform a ‘soft bake’ 
which expels the majority o f  the solvent contained within the resist which avoids the 
sample sticking to or contaminating the mask which is brought into contact with the 
resist. This is typically performed at 100°C on a hotplate for 75s.
After a sufficient soft bake a mask aligner (Quintel 7000 series) is used to align and bring 
the photoresist coated sample in to contact with a chromium mask. B y exposing the mask 
covered sample to a dose o f  U V  light (for 16s) the photo active compound within the 
resist is converted to an indene carboxylic acid with a N 2 side product. A  metal ion free
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developer (MF-319) is used to wash away the converted resist leaving behind the desired 
pattern, in this case a clover-leaf VDP pattern.
It is necessary to perform a final ‘hard bake’ to increase the chemical, thermal, and 
physical stability o f  the developed resist structure for the following etching procedure, 
typically at 100°C for 30mins [124,123]. Once the samples have been etched the mask can 
be simply removed using a three stage clean as described in section 3.7.5.
3.7.7 Etching
Once the VDP pattern is created within the photoresist it is necessary to etch the pattern 
into the silicon substrate creating a mesa structure. It is vital to the success o f  the mesa 
structure and accuracy o f  the following measurements that the etch process is completed 
correctly. To achieve this, the p-type doped layer must be completely electrically isolated. 
This requires the mesa structure to be etched down to a depth which is past the 
metallurgical P/N junction, or insulating layer.
An isotropic HydroFluoric (HF)/nitric acid/DI water, etch solution was initially tested 
with the ratio o f  3.8/50/50ml, respectively. This etch solution was characterised by  
perfonning a time dependent study on un-implanted silicon, reporting an etch rate o f  
~360nm/min. For which a 2-3 m in etch would be satisfactory for all the samples 
analysed within this study. However, it was soon discovered that high surface 
concentrations o f  boron greatly suppressed the etch rate. Boron doping > 1019 cm'3 
significantly suppresses the etch rate [125] and is a common species used in Micro Electro 
Mechanical Systems (MEMs) as an etch stop to create cantilevers and such like. Initial 
problems with the etching where highlighted during a comparative study o f  Rs 
measurements in collaboration with Phillips. It was found that there was in some 
instances as much as a 25% deviation. Measuring the mesa height illustrated a much 
shallower depth than expected, and therefore, due to incomplete isolation alternative 
current paths are available which resulted in inaccurate measurements.
Optimising the etchant resulted in two specific etches, one for each type o f  substrate, bulk 
silicon and SOI. The initial solution was sufficient to etch the SOI samples as only thin 
layers are to be removed (50 or llO nm ), even though the rate is reduced the layers are 
evenly etched to the underlying BO X without degradation to the mask. To etch bulk 
silicon samples a much faster etch was used as a greater depth is required to achieve
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electrical isolation. A  HF/HNO 3/H 2 O mixture was used as before but with a 
concentration o f  4/21/12.5m l, respectively, and determined to have an etch rate o f  
~1.2jxm/min in highly doped boron samples. Therefore a 40s etch resulted in complete 
mesa isolation with an etch depth o f  ~800nm  whilst leaving the photoresist intact. 
Repeating the Rs comparisons with the samples from Philips proved that the improved 
isolation now resulted in a consistent Rs comparison o f  <3%.
3.8 Hall Measurements
The history o f  the Hall effect measurement begins in 1879 when Edwin H. Hall 
discovered that a small transverse voltage appeared across a current carrying thin metal 
strip in an applied magnetic field [126]. Since then the Hall effect has formed one o f  the 
essential characterisation techniques throughout the history o f  semiconductor 
development and this seems likely to continue for the foreseeable future. The reason is 
that for an extrinsic semiconductor, it gives a direct measure o f  free carrier type and 
density which, when combined with a resistance measurement on the same sample, also 
yields a value for the appropriate carrier m obility [120l
3.8.1 The Hall Effect
When a current (I) flows in a conducting strip with a width (W), thickness (t) and a 
magnetic field (B) normal to the strip, a voltage appears across the strip between points 1 
and 2, shown in figure 3-12. This phenomenon is known as the Hall Effect. An electron 
m oving with a drift velocity (Va) is acted on by a force (F) [127], This is the basic 
underlying principle o f  the Hall effect which is governed by the Lorentz force, as 
described by the following expression.
F = e { V ^ )  Eq. 3-8
The majority carriers being holes or electrons will m ove to one side o f  a semiconductor 
when a magnetic field is applied perpendicular to the current flow  (Flemings left hand 
rule). The initial deflection o f  charge towards the sample edge produces a transverse 
electric field which opposes the magnetic force and a steady state is reached. The 
resulting voltage drop across the sample in the Y  direction is known as the Hall Voltage 
(V h).
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X
Figure 3-12 aschematic representation of the Hall effect on a n-type semiconductor. Where B is the 
applied magnetic field, VH the Hall voltage, w the width of the sample, t the thickness of the sample 
and I and V denote the applied current and voltage, respectively.
The measured Hall voltage leads to the ability to calculate the Hall coefficient (RHs) 
which in turn leads to the calculation o f  the mobility p and carrier density N s using the 
following relations [126i:
RHS = ~IB Eq> 3-9
N s =  VqRHs Eq. 3-10
Where r is the Hall scattering factor, it is possible to determine the sheet carrier 
concentration (Ns) from the determined Hall voltage (V H) and the parameters used to 
generate such a voltage. However, to determine the mobility as expressed in equation 3- 
11 the resistance (Rs) o f  the sample is also required. The most advantageous method in 
doing so is known as the Van der Pauw technique, as discussed in the previous section.
RHs
/ / „ = — -  Eq. 3-11
Rs
The mobility in equation 3.11 is a Hall mobility ( p h ) ,  which can differ from a 
conductivity mobility (pc), due to the fact the conductivity has been measured in the 
presence o f  a magnetic field [1281. The Hall scattering factor (r) can be applied to convert 
the Hall mobility to a conductivity mobility.
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Where Eq. 3-12
For the majority o f  this study this value has been left at unity, however, a more in-depth 
look at this parameter is discussed in section 7.3.2.2.
A ll the sheet measurements performed within this study have been performed on an 
Accent HL5500. This piece o f  equipment performs both Rs and Hall measurements, the 
initial resistance measurement using the Van der Pauw technique, followed by the Hall 
measurement. A  single measurement o f  the V h as described in the previous section will in 
practice include several spurious voltages, such as the N em st and Righi-Leduc voltages 
which can be eliminated by taking the average voltage differences obtained for both 
directions o f  current and magnetic field.
A  Misalignment voltage which is frequently the most significant unwanted contribution to 
the measurement signal can be removed by performing V h measurements with and 
without the presence o f  the magnetic field, then subtracting this voltage from the V h [1191 
In determining the Rs the multiple measurements are also performed for all permutations 
o f  the contacts and reverse current for each set. The average o f  these eight values is then 
taken as the best estimate o f  the Rs.
3.8.2 Carrier Profiling via Layer removal
A carrier profile o f  an implanted layer is achieved by repeatedly removing a thin layer o f  
material and measuring the Rs and RHs before and after each layer removal. To analyse 
this problem, consider etching a thin layer o f  material with a thickness from a 
specimen. The conductivity {8  -  \ I Rs) o i the removed layer is expressed as:
and after layer removal. The corresponding expression for the Hall coefficient is found 
by considering parallel currents and expressed b y [120]:
Scrs
ôx Eq. 3-13
Where Scrs is the difference between the measured conductivities o f  the specimen before
R H s a 2
S(RJ-Iscr/)
Sx Eq. 3-14
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Combining eq. 3-13 and 3-14 it is possible to isolate the Hall mobility ( /% ) using the 
expression:
[ I H -  K llSC J  - -—   E q .  3 - 1 5
Using the conductivity equation (cr = ju.N a.q , where Na is the number o f  acceptors and q 
is the elementary charge) and eq. 3-14 is it possible to determine the expression for the 
carrier concentration by:
& _  ( f a s ) 2N  = —  =
qju qSx.5{RHsit s 2) E q *3 -1 6
There are many ways in which it is possible to remove layers o f  a material, chemical 
etching, anodisation and electro-chemical etching to name a few. However, the Hall 
profiles shown within this thesis have been performed using a novel, native oxide layer 
removal technique, first used by Webb et al. [129]. The technique relies on the natural 
occurrence o f  silicon reacting with oxygen at room temperature to form a thin native 
surface oxide, which consumes silicon atoms from the substrate as it grows. This is then 
removed using a buffered HF solution without any additional loss to the underlying 
silicon substrate. A  high resolution depth distribution is achieved by repeating this 
process in conjunction with the Rs and RHs measurements. Experimental studies by  
A lzank itl30] and B ennett[l3]] have shown it is possible to obtain a uniform and repeatable 
layer removal process using water to grow the native oxide, with the submersion time to 
determine the thickness for both p and n type layers. All the Hall profiles in this thesis 
have been performed using an Accent HL5900. Figure 3.13 illustrates the Accent 
HL5900 with the carousel exposed which holds the sample and the pots that hold the 
designated solutions. The automated process runs through the following sequence until 
the layer o f  interest has been removed.
1. Sheet resistance measurement in start position
2. Hall measurement
3. Strip layer in buffered HF
4. Rinse in water (grow oxide)
5. Dip in isopropyl-alcohol (IPA) and Dry
6. Sheet resistance measurement over wash tank (repeat from 2 until finished)
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a. Sample holder 
h b. Strip/etch pot 
c. Overflow
a d. Wash pot (start position)
e. Anodize pot
, g f. Lamp
g. Dry pot
h. Main Carousel rod
c
Figure 3-13 the HL5900 Hall profiler with the carousel exposed
After a complete run, the total amount o f  material removed is measured using a Talystep. 
Assuming a uniform layer removal it is possible to obtain the thickness o f  each layer 
removed and correct the Hall profiles to the correct depth.
The majority o f  the profiles performed within this thesis have been run with the etch, 
wash and dry parameters set to 20, 60 and 40s, respectively. This corresponds to an 
average thickness o f  the silicon layers removed o f  0.4 ± 0.1 nm.
3.8.3 Mounting Samples on Holders
To perform a depth profile using the HL5900 machine, the samples have to be mounted 
onto specific holders with only the center portion o f  the clover leaf pattern exposed.
To mount the sample, black wax is used to secure it between the four contacts at the end 
o f  the sample holder, shown in fig 3.14. Contacts can be applied to the sample in the 
form o f  a liquid metal such as indium/gallium eutectic. This can be painted on and 
therefore saves processing time as evaporating contacts is not required.
Silicone rubber is then used to insulate around the sample edge providing a step for a 
highly conductive silver paint, to connect the contacts on the sample to the copper 
contacts on the sample holder. Once dry, the whole sample and holder are concealed in 
silicone rubber, only exposing the center portion o f  the Van der Pauw pattern and the end 
contacts which slides into the carousel.
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Location to 
mount sample
Figure 3-14 Sample holder used to mount semiconductor samples to perform hall measurements.
Apart from the Hall scattering factor there is another well known problem associated with 
Hall measurements that has to be taken into account when discussing or comparing 
results. This is known as the surface depletion effect and is discussed in the following  
section.
3.9 Surface depletion
The unsaturated bonds at the silicon surface make the crystal surface highly reactive. 
Foreign atoms adsorbed on the surface o f  a semiconductor crystal can give rise to discrete 
energy levels known as surface states.
Negative 
Surface States _
VB I
M------------N
Depletion Layer
Figure 3-15 an energy band diagram for an n-type semiconductor with negatively charged surface 
states ,23).
If the surface states are negatively charged on an n-type semiconductor the negative 
charge repels free electrons from the surface, leaving positively ionised donors to 
neutralise the effect o f  surface charges. The energy level diagram shown in figure 3.15 
shows the bands bending upwards near the surface. This brings about the difference in 
potential energy V B at the surface compared with the bulk. Since the density o f  free 
carriers (electrons in this case) is depleted near the surface, this region is known as a
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depletion layer. In reality very little current w ill flow  near the surface o f  the sample due 
to the presence o f  this depletion region [23], and the extent o f  this region increases with 
decreasing carrier concentration.
This leaves an area which cannot be m easured, leading to a distortion o f  the m easured 
carrier profile, which can also lead to an inaccurate peak concentration as shown 
theoretically by Yeo et al [132] in figure 3.16. However, as this represents a  low carrier 
concentration the difference is more pronounced.
005 o.i
DEPTH ( /.in )
Figure 3-16 a theoretical example of a real 
carrier profile compared to the apparent Hall 
carrier profile. Clearly showing a distinct 
difference between them |l321.
ota 0.2
The doping density dependence o f  the depletion width can be estim ated assum ing an 
abrupt one sided p/n junction, as illustrated in figure 3.17. It is possible to see that at 1017 
cm '3 the depletion width is as m uch as 90nm  and at 1020 cm '3 this is reduced to roughly 
3nm.
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Figure 3-17 surface depletion 
calculated for an abrupt one sided 
junction as a function of doping 
concentration. The insert shows an 
exploded view of the high doping 
density regime.
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3.10 Secondary Ion Mass Spectrometry (SIMS)
So far only electrical techniques have been discussed. To gain a more complete picture o f  
an implanted layer atomic information is also required, adding another dimension to the 
understanding o f  a specific sample. Secondary Ion Mass Spectrometry (SIMS) is the use 
o f  a primary ion beam bombarding the surface together with mass spectrometry o f  the 
emitted secondary ions. The primary ion energy is chosen to be low so the nuclear 
stopping o f  the incident ions dominate at the surface, and the disturbance to the 
underlying layers is as minimal as possible. The energy transferred to the host atoms 
cause the recoil o f  several target atoms in what is known as a collision cascade. During 
this process a given particle may gain enough energy to overcome the surface binding 
energy with the right momentum and direction to become ejected from the surface 
resulting in what is known as a sputtered particle [133,134] as shown schematically in figure 
3.18.
Figure 3-18 schematic of a collision cascade 11351
The actual fraction o f  sputtered particles which are in the ionised state (yield) is in fact 
very small. In most cases over 95% o f  the sputtered yield is neutral. Whether a sputtered 
particle escapes from the surface as an ion depends on the relative probabilities and o f  
ionisation and de-excitation as it passes through the near surface region [134]. Ion yields 
vary over many orders o f  magnitude for the various elements. The choice o f  primary ion 
species greatly affects the yield. For instance, oxygen bombardment increases the yield 
o f  positive ions and caesium bombardment increases the yield o f  negative ions, resulting 
in improvements o f  up to four orders o f  magnitude.
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3.10.1 ID Dopant Concentration Profiles
Monitoring the secondary ion count rate o f  selected elements as a function o f  time leads 
to depth profiles. The raw data for a measurement o f  phosphorous in a silicon matrix is 
illustrated in figure 3.19(a). The sample was prepared by ion implantation o f  phosphorous 
into a silicon wafer. The analysis uses Cs+ primary ions and measures the negative 
secondary ions (Ie). T o convert the time axis into depth, the SIMS analyst uses a 
profilometer to measure the sputter crater depth. A profilometer is a separate instrument 
that determines depth by dragging a stylus across the crater and noting vertical deflections 
(similar to the Taly step). At the end o f  the above phosphorous depth profile, profilometry 
gives 0.74 urn for the crater depth. Total crater depth divided by total sputter time 
provides the average sputter rate.
Figure 3-19 example conversion of raw SIMS data (a) to a ID dopant concentration profile (b) using a 
constant sputter rate to determine the depth, and a RSF standard to convert the secondary ion yield 
to concentration.
Relative Sensitivity Factors (RSFs) are used convert the vertical axis from ion counts into 
concentration (Ce) using the following expression:
C \ =  RSF * i  Eq. 3-17
I
The appropriate RSF value for the above phosphorous implant is 1.07E23 cm'3, the matrix 
current (Im) is 2.2E8 silicon ion counts per second. Figure 3.19(b) shows the converted 
phosphorous depth profile plotted on depth and concentration axes [136].
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3.10.2 Experimental Details
Dynamic SIMS analysis is a high resolution technique which is w idely used to determine 
the depth profiles o f  many species. However, it is important to critically interpret such 
curves as it is possible that certain effects within the distribution can actually be the 
artefacts o f  the measurement technique itself. For instance, any changes in the sputtering 
rate during profiling due to a change in material density can result in large errors in the 
depth calibration. Also, due to the sputtering nature o f  this process surface layers can be 
mixed together with the underlying layers, and therefore, the calculation o f  the ion 
concentration, w ill also be in error. More recently it has been shown that boron can be re­
distributed during analysis due to room temperature migration o f  boron [137l  Therefore, it 
is imperative that care is taken when comparing SIMS profiles.
A  number o f  sources were used to acquire the SIMS data within this thesis, commercially 
(MATS UK) and collaboratively (ITC-irst). However, all the analyses were performed in 
batches, which meant that all the profiles used for comparison were always performed 
using the same experimental details and equipment.
For the 5/2keV boron profiles presented within chapters 4 and 6, they were all performed 
with an incident O2 ion beam at an energy o f  500eV, with scan area o f  300x300um  where 
only the centre 66x66um o f  the analysed area is actually measured to minimise secondary 
ions being sputtered from the trench walls. To minimise the crater roughness, and 
therefore, improve the depth calibration the sample is also rotated during analysis at a rate 
o f  20rpm.
For the ultra-low 500eV boron implants presented within chapter 7 the SIMS profiles 
were measured using a lower energy 0 2 ion beam o f  300eV to minimise any 
redistribution and m ixing o f  the surface layers during analysis. Whilst using the same 
scan area and sample rotation rate as above.
74
Chapter 3:Experimental Theory and Techniques
3.11 Rutherford Backscattering (RBS)
Rutherford Backscattering (RBS) is based on collisions between atomic nuclei and 
derives its name from Lord Ernest Rutherford, who in 1911 was the first to present the 
concept o f  atoms having nuclei. It involves measuring the number and energy o f  ions in a 
beam which backscatter after colliding with atoms in the near-surface region o f  a sample 
at which the beam has been targeted. With this information, it is possible to determine 
atomic mass and elemental concentrations versus depth below the surface. RBS is ideally 
suited for determining the concentration o f  trace elements heavier than the major 
constituents o f  the substrate [138]
An ion beam (typically 1.5MeV 4He+) is directed onto a solid sample, enters the sample 
(losing energy through inelastic collisions with electrons), scatters on atomic nuclei 
(losing energy through kinematics) and travels back out (losing energy through inelastic 
collisions with electrons) to be detected, showing an energy distribution [139l  Since the 
ion target atom interaction can be described by two body collisions, governed by 
Coulomb repulsion, the energy spectra can be converted into a target atom mass spectra
[140]
RBS is based on four main concepts, each are related to the physical phenomena that 
determine the capability or limitation o f  the technique [133]:
1. Kinematic Factor relates the energy o f  the projectile after the collision to the 
energy o f  the incident beam. This parameter determines the mass o f  the ion  
causing the backscattering, moreover, what type o f  atom causes the 
backscattering.
2. Scattering Cross Section  represents the probability o f  a scattering event occurring, 
quantifying the atomic composition.
3. Stopping Cross Section  quantifies the energy loss suffered by the projectile in and 
out o f  the sample. This determines the depth o f  the scattering event, hence obtain 
a depth distribution.
4. Energy Straggling  defines the statistical fluctuations o f  energy loss defining the 
limits on mass and depth resolution.
Due to the limited use o f  RBS with in this study the above explanations are very brief. 
For a more in depth description, the reader is advised to examine reference [141] and
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references within. However, it is important to understand that RBS can be run in two 
modes, random and channelling. A  combination o f  these two regimes gives quantative 
information on the structure and level o f  the damage o f  the target. This type o f  analysis is 
the basis o f  the work found in chapters 4-8. Here the damage created by the silicon co­
implant is examined before and after thermal treatment. Channelling occurs when the 
incident ion beam is aligned with the orientation o f  the crystal lattice, where the 
backscattering probability is low. Therefore, in a perfect crystal having no defects 
contained within the channels the output spectra will look like figure 3.20 (a). Whereas, a 
disordered lattice, figure 3.20 (b), will cause the ion yield to be increased depending on 
the amount o f  damage [1421.
(a) Perfect Crystal
15
£
•a
!k
Random Spectrum
—
A
Surface Peak
Backscattered E nergy Channelled Spectrum
Figure 3-20 comparison of aligned (channelled) and random spectra from a perfect (a) and 
disordered (b) crystal substrates. Illustrating how a combination of spectra can be used to 
examine the quality and level of disorder of the crystal structure [142].
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3.12 Simulating the Damage Defect Distributions: Cascade
To estim ate the defect distributions (vacancy and interstitials), a  M onte Carlo sim ulation 
program  know n as “Cascade” has been used throughout this thesis, w hich was designed 
and developed by  W ebb [143l  The M onte Carlo m ethod relies on a b inary  collision m odel 
o f  ion-solid interactions, and a num ber o f  M onte Carlo codes have been developed over 
the years. The program  TRIM  (Transport o f  Ions In M atter [144]) is the m ost com m only 
cited for range and dam age distributions in amorphous m aterials. However, for high 
energy ions the com putational tim e is im m ense. Cascade is very  sim ilar to TRIM , but 
w ith  the ability to be run on a h igh pow ered server, w ithout the graphical user interface 
and therefore reduce the com putational time.
The form ulation o f  this program  is out o f  the scope o f  this thesis, bu t it is im portant to 
present the m ain assum ptions:
1. The target is assum ed to be amorphous
2. The interaction betw een the incident ion  and the individual target atom s is treated 
as a binary  collision, ignoring the influence o f  neighbouring atoms.
3. The nuclear and electronic stopping is calculated using Z ielger’s l-145] stopping 
powers.
4. In each binary collision one atom  is assum ed to be initially stationary
5. The im plant is equivalent to an im plant at absolute zero, and therefore no dynam ic 
annealing or dam age evolution takes place.
For m ore inform ation on such a technique a review  paper by  Z ie g le r[146] and the excellent 
book by  N a s ta s i[22] are recom m ended.
3.13 Experimental Uncertainties
For any experim ental credibility an estim ation o f  the uncertainties associated w ith the 
results m ust be attempted. To estim ate the uncertainties a system atic evaluation o f  the 
m ain  techniques used in  sam ple processing and analyses are discussed and broken down 
into the following sections:
Io n  im plantation: The im plant processes are split into two groups, the ones perform ed at 
Surrey’s Ion Beam  Centre, and the ones perform ed at Applied M aterials. Therefore, two 
sets o f  uncertainties are presented due to the varying degree o f  accuracy:-
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Ion Beam  Centre: The 2keV and 5keV boron implants used within chapters 4 
and 6 were performed using the optimised implant parameters o f  Gwilliam et al. [106] 
which have been shown to have an implant uniformity o f  <3% over a 5” wafer diameter. 
The vacancy generating implant using the high energy implanter is regularly shown to 
have a uniformity o f  ~1% with metrology tools such as ThermaWave and 4pp wafer 
mapping techniques [147].
A pplied  M aterials: The boron (500eV) and silicon (160keV) implants performed 
by Applied Materials (which are used within chapters 6 and 7), are thought to have a 
much better uniformity o f  below 1%.
A nnealing: It is difficult to ascertain the actual temperature o f  the annealer and the 
associated errors. However, to estimate such errors, it is possible to gauge the 
temperature uniformity from the four point probe wafer maps within figure 3.6 to be 
±2%. Whereas, the uncertainty with the actual anneal temperature reproducibility can be 
estimated from the electrical measurements in figures 6.2 and 6.4, where it is estimated 
that a 5% difference in temperature is possible from run to run (see section 6.4.1).
E lectrical M easurem ents: To determine the uncertainty o f  the Accent H15500 which is 
used in determining the electrical properties o f  the samples (Rs and Hall measurements), 
it was possible to estimate the degree o f  error indirectly using a series o f  identical samples 
which were determined to be relatively insensitive to anneal temperature fluctuations. 
These were annealed and measured, and therefore the actual deviations in the Rs 
measurements can be associated with the errors o f  the repeatability o f  the electrical 
measurements and not the anneal temperature. Thus, it can be said that the Rs and Ns 
measurements have an uncertainty o f  around 4%, where the determination o f  the Hall 
mobility is around 8% as it is a combination o f  the Rs and Hall coefficient.
In summary, it is possible to conclude that the total uncertainties with respect to the 
measured Rs, N s and m obility for the boron implants at 2keV and 5keV are 8%, 8% and 
12% respectively. Whereas, the reduced errors in the implantation process for the 500eV  
boron experiments result in the Rs, N s and M obility having a 5%, 5% and 9%  
uncertainty, respectively. It must be noted that the different experimental techniques used 
in following chapters have often been used to cross analyse the results from other 
techniques to corroborate the results directly or even indirectly to add further validity to 
the results and discussions.
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C h a p t e r  4
4  I n f l u e n c e  o f  t h e  V a c a n c y  E n g i n e e r i n g  
I m p l a n t  O r d e r
4.1 Introduction
The following chapters describe the experim ental details, results and interpretation that 
have lead to the optim isation o f  vacancy engineering im plants and the creation o f  highly 
stable p-type layers, w hich rival techniques such as pre-am orphisation and SPER. How 
this level o f  im provem ent and junction  stability is achieved is described from  the 
beginning, and starts in  this chapter exam ining the effect o f  the vacancy generating and 
dopant im plant order.
The vacancy engineering technique for creating boron ultra shallow  junctions com prises 
o f  two im plantation steps, a  low  energy boron im plant and a higher energy vacancy 
engineering implant. Traditionally, the m ajority  o f  the scientific literature report the 
vacancy engineering im plant is perform ed prior to the low energy boron implant.
Fabricating a com plete CM OS circuit can take m any im plantation steps. In fact it has 
been suggested that to fabricate system  on a chip (SOC) technology a total o f  38 im plant 
steps w ill be  required [148l  This chapter is dedicated to investigating the effects o f  
reversing the boron and vacancy engineering im plants to see w hich conditions obtain the 
best results in  terms o f  control o f  diffusion and optim isation o f  electrical properties o f  the 
resulting boron doped layers.
4.2 Experimental Details
N ejim  et a l . [96] showed that a  IM eV  silicon co-im plant to a dose o f  1016 cm '2 significantly 
reduced the diffusion o f  a 5keV boron im plant after a 1000°C anneal. As this vacancy
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engineering implant has been shown to have a positive effect on the boron, these implants 
will be repeated and used to test the effect o f  reversing the order o f  implants.
The actual implant parameters are listed in table 4.1, indicating the beam current, average 
dose rate and estimated temperature o f  the wafer during the silicon implant. In an attempt 
to minimise the errors when making comparisons, all the dose rates have been kept as 
similar as possible. All implants were performed initially at room temperature but during 
the silicon implants the temperature o f  the wafers rose to around 100°C, since the power 
deposited into the wafer from a IM eV silicon implant at a beam current o f  0.55pA is 
equal to 550mW. A silicon wafer at this temperature during ion implantation can suffer 
from dynamic annealing, where the defects generated during the implant process are 
removed simultaneously. As this study is investigating a defect engineering process, it is 
important to make sure both the silicon implants are as similar as possible.
Pieces o f  SOI and bulk silicon were implanted simultaneously to minimise the errors 
when making direct comparison between the two substrates.
Implant Energy 
(keV)
Species Dose
(cm'2)
Beam I 
(uA)
Implant Time 
(mins)
Dose Rate 
(cm2/s)
Implant Temp
(°C)
1000 
(Si then B)
Si 1016 0.55 201 8.3xl0u 100
5 B 3.3xl014 11
1000 
(B then Si)
Si 1016 0.55 197 8.5x10“ 100
5 B 3.3xl014 11
Table 4-1 implant specifications of the vacancy engineering and boron implant processes. SOI and 
bulk silicon substrates were implanted simultaneously.
The SOI used for this experiment had a 300/1 OOOnm structure, with the top silicon layer 
doped p-type with a uniform boron concentration o f  1015 cm'3. The bulk silicon wafers 
were doped n-type with phosphorous, also to a concentration o f  1015cm3.
To illustrate the layout o f  the experiment in terms o f  implant distributions, figure 4.1 
shows the location o f  the deep silicon implant in relation to the shallow boron implant. 
The silicon implant distribution is estimated using a Monte Carlo simulation, whereas the 
boron distribution is an actual measured SIMS profile o f  the implant used in this study.
8 0
Chapter 4: Influence o f  the Vacancy Engineering Implant Order
To complete the schematic, the location o f  the Buried OXide (BOX) is shown to illustrate 
where the implant distributions are located within the SOI substrates.
Subsequent anneal cycles used in this study were limited to a 10s isochronal scheme from 
600 to 1000°C. All anneals were performed in a N 2 atmosphere at constant 1.5L/min flow  
rate.
SIMS and Hall analysis was used to examine the effect o f  the IM eV co-implant on the 
boron layer in terms o f  diffusion and electrical activation, respectively. RBS analysis has 
been used to examine the amount o f  implant damage remaining from the IM eV silicon  
co-implant.
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Figure 4-1 schematic of the implant distributions from a IMeV silicon (1016cm'2) and 5keV boron 
(10,5cm‘2) implants, represented via black and blue lines, respectively. The location of the BOX (red 
lines) is also shown to demonstrate where the implants are in the SOI structure used (300/1 OOOnm).
4.3 Amorphisation Check
With such a high silicon dose being used for the vacancy engineering implant, it is 
important to check whether or not the target has been amorphised, as it is thought that the 
generated vacancies in the surface region would be lost i f  a crystalline to amorphous 
phase change occurred. Nejim et a l [96] reported that this high dose did not amorphise the 
target anywhere throughout the silicon distribution. This is contrary to Shao et al. |149] 
who showed that a similar implant created a buried amorphous layer which was around
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700nm wide. Therefore, it is important to check the level o f  damage created by the 
IM eV silicon co-implant before any further processing.
The remaining substrate damage created by the IM eV silicon implant was examined 
using RBS (figure 4.2). The random (blue line) spectrum is used as a reference which 
indicates the backscattering yield for an amorphous target. The channelled spectrum (red 
line) indicates the level o f  damage in the actual target. Therefore, by comparing the 
channelled and random spectra, one can see that the channelling yield is roughly half o f  
the random spectra, clearly showing the target is not amorphous. It is thought that due to 
the beam heating effects during the implantation, the dynamic annealing was sufficient to 
inhibit the formation o f  an amorphous layer.
2500
Figure 4-2 RBS analysis of a bulk silicon substrate after a IMeV silicon implant to a dose of 1016 cm'2. 
A combination of random (blue line) and channelled (red line) spectra indicate the resulting damage 
to the substrate was not high enough to create an amorphous layer.
To investigate the effect o f  the implant order on the formation o f  the boron layer, SIMS 
analyses are presented first, followed by a series o f  Rs and Hall effect measurements to 
examine the electrical properties.
4.4 Diffusion Studies Using SIMS analysis
To begin the study o f  the implant order, it is important to investigate the effect o f  the 
boron implants without the silicon co-implants, as these will act as the control samples for 
the following detailed comparisons. Therefore, figure 4.3 presents a series o f  SIMS 
profiles illustrating, in terms o f  diffusion, the effect o f  the boron implants into SOI and
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bulk silicon with and without a 1000°C, 10s anneal. The initial boron profile without an 
anneal cycle, known as the as-implanted profile, is represented as a black dotted line. The 
SIMS profiles shown in red and blue are the boron profiles corresponding to the SOI and 
bulk silicon substrates, respectively, after a 1000°C 10s anneal. A direct comparison o f  
the SOI and bulk silicon boron profiles after annealing demonstrates that the resulting 
boron profiles are identical, indicating that in this instance there appears to be little 
difference between the two substrates.
Comparing the as-implanted with the annealed boron profiles, one can see that by taking a
17 o
reference point at 10 c m ' , the as-implanted profile has a depth o f  ~140nm, whereas, 
both annealed profiles have a depth o f  ~180nm , indicating the tail o f  the boron profile has 
diffused ~35nm. In terms o f  diffusion, this enhancement is to be used as a guide to 
quantify how successful the silicon co-implants have been.
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Figure 4-3 SIMS analyses of the boron implants without a co-implant before (doted black line) and 
after a 1000°C anneal in SOI (red line) and bulk silicon (blue line) anneal.
As there is some understanding o f  how the boron implant diffuses after a 1000°C anneal 
without the IM eV co-implant, the discussion can be extended by comparing the boron 
diffusion behaviour when the IM eV, silicon vacancy engineering implant is performed 
prior to the boron implant (Figure 4.4). The as-implanted (dotted black) and annealed 
(solid black) boron only curves are shown for comparison with the boron profiles with a 
co-implant in SOI (red line) and bulk silicon (blue line). These curves show the tail
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regions to be near identical from a depth o f  50nm  to 200nm. However, there is a small 
difference in the peak atom ic concentration w hich m ay be due to out diffusion in the case 
o f  the SOI. Also, an error in the SIMS analysis cannot be ruled out as this experim ent was 
not repeated.
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Figure 4-4 SIMS analyses of boron implants with and without (black lines) a IMeV silicon co-implant 
performed prior the boron implant, in SOI (red line) and bulk silicon (black line). All annealed 
samples (RTA), where performed at 1000°C for 10s.
The actual effect o f  the silicon co-im plant perform ed before the boron im plant can be 
seen by com paring the boron profiles w ith (red and blue line) and without (black line) the 
IM eV  co-im plant, after annealing. By com paring the as-im planted and co-im planted 
boron profiles, one can see a reduction in diffusion has resulted in practically no dopant 
m ovem ent in the tail region from  depths o f  75 to 150nm, and that these profiles are 
roughly 30nm  shallower than the boron only im plant, after annealing
The following discussions exam ine the effect o f  reversing the boron and silicon implants. 
Figure 4.5 illustrates the boron SIM S analyses w ith (red and blue line) and without (black 
line) the silicon co-im plant where the boron im plants have been perform ed first, using the 
same notation as in figure 4.4.
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Figure 4-5 SIMS analyses of boron implants with and without (black lines) a IMeV silicon co­
implant, where the boron implant has been performed prior to the silicon implant, in SOI (red line) 
and bulk silicon (black line). All annealed samples (RTA), where performed at 1000°C for 10s.
There are distinct differences in the tail region o f  the profiles from a depth o f  70nm, 
resulting with the boron layer in SOI having a deeper junction. Taking a reference point 
at 1017 cm'3, the boron in SOI corresponds to a depth o f  roughly 180nm, whereas the 
boron in bulk silicon corresponds to a depth o f  155nm. Clearly, the boron tail in the bulk 
silicon case has diffused significantly less than in the SOI case. However, the reduction is 
still not as much as the case where the silicon implant was performed first. By 
comparing the boron profile in the bulk silicon substrate with the as-implanted profile, 
one can see that even though the profiles are near identical at a concentration o f  1017 cm'3, 
there are clear differences around a depth o f  75nm. However, when the silicon implant 
was performed first, the boron profile agreed with the as-implanted profile more precisely 
(figure 4.4).
The reason for the two boron implants in SOI and Bulk silicon showing different amounts 
o f  diffusion when the silicon implant is performed last, is unclear. However, the results 
clearly show that by performing the silicon implant first, a greater reduction in diffusion 
is achieved in both SOI and bulk silicon substrates.
So far only diffusion studies have been investigated at a single anneal temperature. The 
following section examines the electrical properties o f  the boron doped layers when the 
implant orders are reversed, at a range o f  anneal temperatures.
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4.5 Electrical Measurements (Hall measurements)
To study the effect o f  implant order on electrical activation, a 10s, isochronal anneal 
scheme was employed from 600 -  1000°C. To begin the discussions on the electrical 
analysis, the sheet resistance measurements (Rs) are presented first. Then the Hall effect 
measurements are used to examine the components (carrier m obility and carrier 
concentration (Ns)) which contribute to the Rs.
The Rs measurements as a function o f  anneal temperature are shown in figure 4.6 for 
boron layers with (open symbols) and without (solid symbols) a silicon co-implant, in 
SOI (a) and bulk silicon (b) substrates. The boron layers where the silicon implant was 
performed prior to the boron implant are illustrated by the black lines, and the boron 
layers with the silicon implant performed after the boron implant are represented by the 
red lines.
Before any discussions on the implant order can take place. A  brief discussion on the bulk 
silicon curves must be completed first to justify omitting them for the remainder o f  this 
chapter. Figure 4.6 shows that the Rs increases as the anneal temperature is reduced from 
1000 to 900°C. However, after an 800°C anneal the Rs reduces by a factor o f  2. Even 
though obtaining the low  resistance is the aim, Hall measurements report a negative value 
for the measured N s which means that the majority carriers are electrons, not holes! 
Thus, in this and other cases discussed in this thesis, the electrical properties o f  the 
substrate are being measured because o f  the poor quality o f  the p/n junction produced by  
the boron implant and anneal. This is actually due to the damage left over from the 
vacancy engineering implant which resides in the p/n junction. More details o f  this 
phenomenon are discussed in chapter 6. For the remaining part o f  this chapter the bulk 
silicon results have been omitted.
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Figure 4-6 Rs measurements as a function of anneal temperature of boron implant with and without 
(blue lines) a IMeV silicon co-implant in SOI (a) and bulk silicon (b). The implant order of the two 
implants have been investigated with the red line representing the Rs curve for boron layer where the 
silicon implants is performed prior to the boron implant. The blue line represents the Rs curve of the 
boron layer where these the silicon implant is performed after the boron.
Therefore, examining the Rs trend for the boron only (blue line) curve as a function o f  
anneal temperature in SOI, illustrates that at 600°C the Rs value is high at ~9k Ohms/sq 
(figure 4.6(a)). By increasing the anneal temperature the Rs decreases monotonically to 
around 600 Ohms/sq, at 1000°C. Comparing this trend with the boron layer (black line) 
with a silicon implant prior to the boron implant, one can see that at high temperatures the 
Rs values are near identical. However, when the anneal temperature is reduced to 900°C 
there is a deviation from the boron only curve, showing a reduction in Rs o f  roughly 300
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Ohms/sq. A s the anneal temperature is reduced to 800°C the difference becomes much 
larger, resulting in a factor o f  3 reduction over the boron only curve. This trend continues 
down to 600°C, where the Rs with the silicon co-implant prior to boron implant is 6x  
lower than the boron only curve. This clearly shows that the co-implant has a greater 
effect at low  annealing temperatures.
The effect o f  reversing the two implants and performing the silicon implant after the 
boron implant is shown red. Comparing this curve with the black curve, where the silicon  
implant is performed prior to the boron implant, one can see that at 1000°C the Rs 
measurements are identical, and even at 900°C they are very similar, both showing an 
improvement in Rs over the boron only curve. However, as the anneal temperature is 
reduced to 800°C and below the two curves start to deviate from each other. The 
separation becomes more distinct as the anneal temperature is reduced to 600°C.
As a reproducibility check, three samples, one from each implant condition was repeated 
at 800°C. These are represented by crosses in figure 4.6(a). Comparing all the original Rs 
measurements with the repeat (reps), one can see that all o f  the repeats reproduce the 
trend.
In an attempt to understand the Rs trends already discussed from figure 4.6, Hall effect 
measurements are used to extract the carrier m obility and the active carrier concentration 
(Ns) parameters, which determine the resulting Rs. Comparing the m obility and carrier 
concentration, together with the Rs, it is possible to identify the underlying processes 
behind the Rs trends, in order to gain a better understanding o f  why performing the 
silicon implant prior to the boron implant demonstrates a greater improvement.
The Hall effect measurements presented in figure 4.7, illustrate the active carrier 
concentration (a) and hole m obility (b) as a function o f  anneal temperature for the boron 
layers in SOI, with (red and black lines) and without (blue lines) a co-implant, using the 
same notation in figure 4.6.
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Figure 4-7 Hall analysis of boron doped layers in SOI, with (red and black lines) and without (blue 
line) a IMeV silicon co-implant, illustrating the Ns (a) and mobility (b) as a function of anneal 
temperature. The effect of reversing the implant order is tested with the black line representing the 
silicon implant performed prior to the boron, and the red line representing the boron with the silicon 
implant performed after the boron implant.
Examining the N s o f  the boron only curve as a function o f  anneal temperature, one can 
see that at 600°C the N s is low  at 7 .6 x l0 12 cm'2 and increasing the anneal temperature to 
700°C the N s stays roughly constant. However, the corresponding Rs measurements in 
figure 4.6(a) demonstrate a clear reduction in value. Therefore, for this to occur the 
mobility must increase, and this is clearly shown in figure 4.7(b) with an increase from 95 
to 130 cm2/V-s. As this is only one point, it could be said that the point at 600°C is in
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error as it does not follow  the trend o f  the other points from 700 to 1000°C. However, this 
phenomenon has also been presented in chapter 6, where it is discussed in detail. From 
700 to 1000°C, the concentration o f  electrically active boron atoms increase with anneal 
temperature. Consequently, the m obility monotonically decreases over the same 
temperature range, which is thought to be due to an increase in ionised impurity 
scattering. Therefore, the m obility reduces as the number o f  electrically active dopants 
increases. It is interesting to note that at 1000°C the boron only curve produces an N s o f  
1 .9 x l0 14 cm'2, by integrating the corresponding SIMS profile (in figure 4.4) the number 
o f  boron atoms is also equal to 1.9x1014 cm"2. This shows that at this temperature the 
boron profile is 100% electrically active.
Comparing the boron only curve (blue line) with the black curve, which is the boron layer 
with a co-implant performed prior to the boron layer, one can see that at 1000°C, the 
measured N s and mobility are near identical, which corresponds to the Rs trend. 
However, as the anneal temperature is reduced, the Ns o f  the co-implant boron layer 
remains high, even down to 600°C where the concentration o f  electrically active boron is 
13x higher than the boron only equivalent. Therefore, it is possible to conclude that the 
Rs reduction in figure 4.6 is as a result o f  the greater number o f  boron atoms being  
substitutionally incorporated within the silicon lattice. Hence, a greater fraction o f  the 
boron implant is electrically active over a wider range o f  temperatures compared to the 
boron only curve. This was later discovered to be due to a reduction in the boron 
clustering process, which normally (in the absence o f  vacancy engineering) inhibits the 
electrical activation o f  the boron atoms at low  temperatures. This is also discussed in 
more detail within chapter 6.
A s the focus o f  this chapter is on the effect o f  the implant order, the remaining discussion 
is a direct comparison o f  the N s curves for both the boron layers with a silicon co­
implant. One can see the curve for a boron layer with the silicon implant performed after 
the boron implant (red line), produces a lower concentration o f  electrically active boron 
from an anneal temperature o f  900 down to 600°C, with the N s differences increasing 
with decreasing anneal temperature. Even though the measured N s is an improvement 
over the boron only curve, it is clearly not as effective as performing the silicon implant 
prior to the boron implant.
Recently Shao et al. i1033 showed that reversing the vacancy engineering and boron 
implant order does not affect the diffusion behaviour o f  a boron super lattice grown using
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molecular-beam epitaxy. This work differs as direct boron implants have been used 
which is more a representational approach o f  a realistic process in fabricating CMOS 
devices. Clearly there are differences, especially in the terms o f  electrical activation at 
low  temperatures, which Shao did not investigate.
4.6 Understanding of Results
A  theory behind the improvements shown here by performing the silicon implant first is 
discussed. It has been suggested that boron-silicon interstitial clusters (BICs) form and 
evolve into stable clusters at the initial part o f  the annealing cycle, or even dynamically 
during the boron implantation process [48,150]. Therefore, it is plausible that by performing 
the boron implant prior to the silicon implant, a high concentration o f  the boron is already 
clustered. It is well known that these clusters are highly stable and can result in the boron 
electrical activation being well below the solid solubility limit [43l  It was recently C151-t 
suggested that stable BICs such as the B2I  dissolves by the emission o f  a B I  to leave a 
single boron atom which can then become electrically active. However, for example, a 
subsequent generation o f  vacancies may inhibit this process by recombining with the I  
and leave behind a B2 complex. Therefore, the anneal cycle has to be high enough to 
dissolve these stable clusters, reducing the efficiency o f  the generated vacancies. It is 
widely understood that the silicon interstitial type defects evolve through an Ostwald 
ripening process. Therefore, the excess vacancies may hinder the ripening process, which 
is why there is still an improvement in N s over a standard boron implant.
In contrast, by generating an excess o f  vacancies prior to the boron implant, it is possible 
that during the boron implant interstitials recombine with the vacancies instead o f  
forming clusters. Therefore, during the subsequent annealing, it is easier to activate the 
boron (the effect o f  vacancies on the BIC evolution is discussed further in section 6.4.21). 
This could explain the reason behind the high electrical activation, and good thermal 
stability, over the temperature range 600-900°C.
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4.7 Summary
The effect o f  reversing the vacancy engineering and boron im plant procedures has been 
investigated via electrical and diffusion studies o f  resulting boron layers, in  SOI and bulk  
silicon.
H igh tem perature diffusion studies have show n that by perform ing the silicon im plant 
prior to the boron im plant, both the boron layers in  SOI and bulk silicon have near 
identical distributions at 1000°C, w hich also results in  the retardation o f  boron diffusion 
in the tail region to near its as-im planted state. However, w hen the im plant order is 
reversed, the im provem ents in  diffusion seen in  both SOI and bulk  silicon were not as 
significant as before. Even though both substrates had less diffusion com pared to the 
boron only profile, the SO I ease did not show as m uch o f  a reduction as in  the bulk silicon 
case.
In term s o f  electrical activation, it was found that m easurem ents on bulk silicon were 
difficult to perform  below  an anneal tem perature o f  900°C, therefore, these m easurem ents 
w ere om itted from the rem aining discussions due to reasons explained in  m ore detail 
w ithin chapter 6. The co-im plants in  SOI highlighted a low tem perature im provem ent in  
term s o f  the electrical activation o f  the boron atoms. However, it was clearly show n that 
by  perform ing the silicon im plant prior to the boron, a significant im provem ent in  
electrical activation was seen over reversing the im plant order.
It is thought that the reason for these im provem ents is related to the boron clustering 
process w hich happens at low  tem peratures or even dynam ically during the boron 
im plantation. Therefore, this clearly shows that for the m axim um  efficiency, the vacancy 
engineering im plant has to be perform ed before the boron dopant implant. From  this 
point on, all vacancy engineering im plants have been perform ed prior to the boron 
im plant to obtain the m axim um  effect o f  the vacancies.
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C h a p t e r  5
5  E x p e r i m e n t a l  D e s i g n  B a s e d  o n  T h e o r e t i c a l  
U n d e r s t a n d i n g  a n d  S i m u l a t i o n s
5.1 Introduction
Traditionally, to generate an excess o f  vacancies, the silicon ion energies used have been 
in  the order o f  1 or 2M eV. There have even been accounts o f  ion energies o f  up to 
lOOMeV [I52]! The reasoning behind the use o f  such high energies is an attem pt to gain 
large spatial separations betw een the two net excess defect regions (vacancies and 
interstitials), in the hope they w ill not interact during therm al processing. However, it has 
been speculated by  a num ber o f  groups that it is possible to restrict the defect regions 
from  interacting by  using a SOI substrate. This technique is review ed in detail w ithin 
section 2.6, but briefly, it is thought that w hen the excess interstitial silicon atom s are 
located beyond the surface silicon layer and through the BO X  they are unable to diffuse 
back in  to the silicon top layer and interact w ith the subsequent boron implant.
U sing this principle the following section investigates, theoretically, the possibility o f  
using a lower energy/dose silicon co-im plant than previously used w ithin the published 
literature. To optim ise the energy and dose o f  the silicon co-im plant it is im portant to 
understand how such param eters affect the vacancy generation. This is a  non-trivial task 
as there is a  very lim ited know ledge and understanding o f  the distribution and evolution 
o f  vacancy defects after im plantation in  com parison to the silicon interstitial. How ever, a 
lim ited num ber o f  groups have exam ined the vacancy generation from  high energy 
im plants in  silicon using techniques such as Positron A nnihilation Spectroscopy (PAS) 
Electron Param agnetic Resonance (EPR) tl53] and m ore recently Gold Labelling
[ 1 5 4 , 1 5 5 ]
The thesis b y  V enezia [156] on the ‘Evolution o f  Vacancy Supersaturation from  M eV  Si- 
im planted Silicon’ presents excellent theoretical and experim ental w ork on the vacancy 
generation, distribution and evolution. One specific chapter uses the Gold Labelling
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technique to exam ine the effect o f  the silicon im plant energy and dose on the vacancy 
distribution. Extracts from  this w ork are presented here and com pared to the sim ulations 
w ithin this chapter to add further validity  and support the estimated vacancy distributions.
This chapter examines the possibility  o f  using a low er energy silicon im plant instead o f  a 
traditional IM eV  implant, to prove in  theory, that the ion energy and dose can be 
optim ised. U sing the understanding gained from  the following sim ulations, two 
experim ents were designed to test the optim ised im plant param eters, experim entally in 
the following chapters.
5.2 The Effect of Silicon Dose and Energy on the Vacancy Generation
To exam ine the effect o f  the silicon ion energy on the vacancy generation, a  series o f  
M onte Carlo im plant sim ulations where perform ed from lOOkeV up to IM eV  into a 
silicon substrate. The generated data is then converted to a ‘defect distribution’ using the 
technique described in  section 2.6.1.
It m ust be noted that to estim ate the excess vacancy and interstitial distributions a slightly 
m odified version o f  equation 2.1 is used, to take into account the extra silicon interstitials 
w hich are introduced into the substrates due to silicon ions being used as the vacancy 
engineering species. Therefore, to com plete the equation, the silicon im plant distribution 
( SiD (x ) ) is added to the equation and sim ply expressed as:
Cd (■*■) ~  [*^/ (•*•) “  Siy (x )]+  SlD (x) Eq. 5-1
Figure 5.1 illustrates the theoretical defect distributions as a  function o f  depth. W hen the 
defect distributions are below  the origin, the plots represent the vacancy rich part o f  the 
silicon implant. In contrast, w here the curves are above the origin the im plants are said to 
be interstitial rich. Due to the large scales it is difficult to observe the effect o f  ion energy 
on the surface vacancy generation. Therefore, an exploded surface region is shown as an 
insert to highlight the general trend on the surface vacancy distributions. To keep the 
com parisons fair, all sim ulations have been  scaled to m im ic a constant silicon dose o f  
1015 cm"2.
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Figure 5-1 comparison of the defect distributions for a range of silicon implant energies (lOOkeV to 
IMeV) for a fixed dose of 1015cm‘2. The insert shows the surface 20nm in a greater detail. All 
simulations were performed at 7°tilt and to 500k ion trajectories.
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Figure 5-2 surface vacancy generation as a function of varying silicon ion energy. The areal vacancy 
density is calculated from integrating the surface lOOnm which corresponds to one specification of the 
SOI used in the following chapter.
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B y examining the vacancy distribution generated in the surface region as a function o f  ion 
energy (insert), one can see that as the silicon ion energy is increased the vacancy 
distribution reduces. To emphasise this effect the total number o f  vacancies in the surface 
region was calculated by integrating each simulation from the surface to a depth o f  
lOOnm. This calculated value results in what is known as the net areal vacancy density 
(cm'2), and is illustrated in figure 5.2 as a function o f  silicon ion energy. The specific 
integration limits have been chosen to coincide with the thickness o f  the surface silicon  
layer o f  the SOI structure actually used in experim ent one  in the following chapter.
Figure 5.2 shows the net areal vacancy density to have an inverse exponential trend with 
increasing ion energy. Therefore, by comparing the areal vacancy density generated by a 
lOOkeV and a IM eV silicon implant, one can see that by just simply reducing the implant 
energy there is 4.6x increase in the number o f  generated vacancies. This principle 
illustrates that the efficiency o f  the vacancy engineering implants increases with 
decreasing ion energy. It is thought that this phenomenon is due to the increase in the 
nuclear stopping cross section o f  the impinging ion as its energy is reduced. This effect is 
explained more clearly in figure 3.2 which shows that as the ion energy is reduced the 
probability o f  nuclear collisions increase, until it peaks at roughly 14keV. This, in theory, 
is the underlying principle which makes optimising the vacancy engineering implants 
possible.
As figure 5.1 does not show the full extent o f  the vacancy distribution, three o f  the defect 
distributions performed at 100, 500 and lOOOkeV ion energies have been re-plotted in 
figure 5.2 (a) to (c), respectively, on a log/linear scale. One can see that at an ion energy 
o f  lOOkeV (a) the surface vacancy concentration (red) decays rapidly until it meets the 
interstitial rich region (blue). However, as the ion energy is increased to 500keV (b), the 
surface distribution is very similar up to a depth o f  ~50mn, but then there is a distinct
io <3
plateau at around 4x10 cm' which extends for up to ~400nm. As the ion energy is 
further increased to lOOOkeV (c) the depth o f  this plateau increases to ~800nm, with the 
surface vacancy peak having the same distribution as the 100 and 500keV simulations.
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Figure 5-3 estimated defect distributions for 100, 500 and lOOOkeV silicon implants. The net vacancy 
and interstitial regions are represented by the red and blue symbols, respectively.
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It is thought that the plateau o f  the vacancy distribution increases w ith ion energy as the 
spatial separation o f  the Frenkel pairs increases w ith ion energy. It is in  fact this area 
w hich has been m ost dom inantly used in  previous studies due to the subsequent high 
boron im plant energies. However, as the boron energy is reduced the surface vacancy 
peak plays a m ore dom inant ro le and has often been neglected. The relevance and cause 
o f  such a surface vacancy peak is discussed in  m ore detail in section 7.4.
To investigate the silicon dose dependence on the surface vacancy generation, the sam e 
approach has been em ployed as in  figures 5-1 and 5-2, using defect distributions 
calculated from  a series o f  M onte Carlo sim ulations. Figure 5.4 plots the resulting defect 
distributions as a function o f  depth for a  series o f  silicon im plants at 500keV, for a range 
o f  doses from  1014 to 1016cm"2. A n exploded view  o f  the surface region is shown as an 
insert to highlight the resulting trend.
B y com paring the vacancy rich  surface regions (insert) generated by  all the silicon doses, 
one can see that as the silicon dose increases the generated vacancies increase 
proportionally . To em phasize this effect, the calculated surface (0-100nm ) net areal 
vacancy density from  the five sim ulations are plotted as a function o f  silicon dose and 
shown in figure 5.5. This curve clearly shows the areal vacancy density to increase 
linearly w ith dose. This trend is as a  result o f  the assum ptions w ithin the sim ulator, as the 
M onte Carlo sim ulator used in  this study does not take into account the dam age 
accum ulation which actually takes place during the ion im plantation process, therefore 
experim ental deviations from  this curve are expected. For instance this curve 
theoretically dem onstrates an infinite num ber o f  vacancies can be generated w ith an 
infinite silicon dose. However, in  practice the damage to the substrate would be so great 
that a com plete am orphous layer w ould be formed. Such a phase change is an undesired 
effect, and is in  fact the lim iting factor to the vacancy engineering technique. Estim ating 
the point at which a crystalline to am orphous transition takes place is still possible using 
this sim ulator, and is discussed in the follow ing section.
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ion energy fixed at 500keV.
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V enezia fl56] used the Gold Labelling technique to experim entally examine the vacancy 
generation from a series o f  high energy silicon implants. The principle behind such a 
technique is to introduce gold ions into a substrate containing an excess o f  vacancies. A 
subsequent drive-in anneal is used to diffuse the gold deep into the substrate. Gold then 
tends to decorate the open volum e defects (vacancy defects) which can then be analysed 
using RBS. Therefore, the m easured gold distribution is indirectly related to the 
concentration and distribution o f  the generated vacancies. For a m ore in-depth 
description o f  this technique see references [154>l55] and those within.
Extracts from V enezia’s experim ental work are presented in figures 5.6 and 5.7 in an 
attempt to support the trends seen in the theoretical sim ulations shown previously. Figure
5.6 presents three vacancy (represented as gold) distributions as a function o f  depth, 
resulting from three silicon im plants with varying ion energies (IM eV , 2M eV and 8M eV) 
whilst keeping the silicon dose fixed at 1016cm '2. By com paring the three vacancy 
distributions one can see that as the silicon im plant energy is reduced the vacancy peak 
increases, supporting the sim ulations shown previously in figure 5.2. Even though this 
series o f  silicon im plants was perform ed at a m uch greater energy than ever used in this 
study, it is thought that this trend is still valid for lower energy silicon implants.
Figure 5-6 Gold labelling curves as a function of ion energy (1, 2 and 8MeV) for a fixed silicon dose of 
1016 cm'2. The gold is used decorate the vacancies generated by the silicon implants, and the 
following gold distribution determined using RBS indirectly illustrate the vacancy distributions |l561.
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Figure 5-7 (a) Gold labelling of vacancy distributions generated by a 2-MeV silicon implant as a 
function of dose (0.8, 2 and 4 x l0 16cm'2). (b) Net areal vacancy densities as a function of silicon dose, 
calculated from the integrals of Gold Labelling curves. The integrals of the three curves in (a), are 
highlighted in (b) by red circles |1561.
A further study o f  the silicon dose dependence was also performed using the same 
technique (figure 5.7). Three vacancy distributions (gold) are shown after a series o f  
silicon implants where the implant energy is fixed at 2M eV and the dose is varied from 
8x10*5 to 4 x l0 16 cm'2 (a). By comparing the three silicon doses, one can clearly see a 
large increase in the vacancy concentration at depths o f  250 to 750nm with increasing 
silicon dose. The integrals o f  these curves are presented in 5.6(b) and are highlighted 
with red circles, which denote indirectly the net areal vacancy density. By comparing the 
areal vacancy densities as a function o f  ion dose from 0.8 to 4x10 16 cm'2, one can see a 
distinct linear dependence, again supporting the previous simulations (figure 5.5). 
However, a clear reduction in vacancy generation is seen when the silicon dose is 
increased above 4x10 c m ' , due to the lack o f  damage accumulation in our simulations 
this effect was not seen.
5.3 Calculating the Maximum Silicon Dose for Vacancy Engineering
There is a limit to the maximum silicon dose which can be used in the vacancy 
engineering technique, especially when using SOI material. In this study it is not 
beneficial to use a silicon dose which is high enough to completely amorphise the silicon  
over layer. As the BOX is amorphous there would be no crystalline ‘seed’ remaining on 
which the surface amorphous layer could re-grow. However, for this study it is also not a 
desired effect in bulk silicon, even though the amorphous layer would technically re- 
grow, it is speculated that the generated vacancies in the surface region would be lost in
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the phase transform ation. Therefore, in both cases the m axim um  silicon dose would be 
the point where an am orphous layer w as ju st about to encroach into the surface region 
where the boron is to be implanted. Therefore, the boron im plant w ould still reside in 
crystalline, but highly dam aged silicon.
A series o f  M onte Carlo sim ulations were carried out to determ ine the m axim um  silicon 
dose which w ould generate a buried am orphous layer but still keep the surface (from 
depths o f  O-lOOnm) layer crystalline. Due to the nature o f  the sim ulator the target is 
already assum ed to be am orphous, therefore it is com m on practice to estim ate the 
threshold dose for am orphisation to be when the vacancy concentration equals the density 
o f  silicon, which is 5 x l0 22 cm '3 f51]. This is the point where all the silicon atom s have 
been displaced at least once. W ith this assum ption a m axim um  dose o f  silicon was 
determ ined for a range o f  ion energies. Figure 5.8 shows an estim ate o f  the silicon dose 
which is required to be the onset for com plete am orphisation as a  function o f  ion energy. 
As the sim ulation does not take into account factors such as beam  heating, dose rate and 
therefore dynam ic annealing, these values are very m uch an estim ate and used only as a 
guide to design experim en t one.
5x1015 
4x1015
Cjl
~  3x1015 
0  CO 
C 2x1015 o o  
® 1x1015
Figure 5-8 theoretical approximation of the amorphisation thresholds for silicon implants into silicon 
as a function of ion energy, indicating the dose required to create a buried amorphous layer, leaving a 
lOOnm of surface crystal.
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Si Energy (keV)
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5.4 Design of the Experiments
This section uses the understanding gained from  the previous sim ulations to design two 
experiments. The first is specifically designed to test the theory that low er dose/energy 
vacancy engineering im plants can have a sim ilar effect on a boron im plant in com parison 
to a  IM eV  equivalent. In contrast, the second is designed to push the boundaries o f  the 
vacancy engineering technique in  the hope to m eet the requirem ents set out by  the ITRS. 
However, it m ust be  noted that the second experim ent was actually designed after the 
initial results o f  the first experim ent were obtained and this is explained in  m ore detail 
w ithin the actual design o f  experim ent two (5.4.2).
5.4.1 Experiment One: Matching Two Vacancy Engineering Implants
The sim ulations suggest that two silicon im plants o f  different energies can be m atched via 
their doses to generate the same net areal density o f  vacancies. To prove this two silicon 
im plant energies were first selected to be m atched. The first o f  these, a high, IM eV  
silicon energy was chosen as this has been typically used in  vacancy engineering 
experim ents w ithin the scientific comm unity, and therefore know n to generate an excess 
o f  vacancies. The second, a m uch lower, 300keV ion energy w as chosen as this is the 
m inim um  ion energy to position the m ajority o f  the excess silicon interstitials beneath the 
BO X  o f  a SOI substrate com prising o f  a 110/200nm structure, w hich is the configuration 
used for this experiment.
U sing the sim ulation data from  the previous sections it is possible to calculate a  range o f  
silicon doses for both  the 300keV and IM eV  ion energies which are able to generate the 
same areal density o f  vacancies. Figure 5.9 illustrates the generated areal vacancy 
densities as a function o f  silicon dose for both  the 300keV (red) and IM eV  (blue) silicon 
ion energies. One can clearly see that for a fixed areal density o f  vacancies a 300keV 
silicon im plant can theoretically generate the equivalent to the IM eV  im plant w ith a 2.5x 
reduction in silicon dose.
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Figure 5-9 comparison of the vacancy generation as a function of silicon dose for a IMeV (blue line) 
and 300keV (red line) silicon implants. The on set for amorphisation for both silicon energies are 
indicated by the corresponding dotted lines for each energy.
As an indication, vertical dotted lines are shown to represent the threshold doses which 
will am orphise the substrate for both 300keV (red) and IM eV  (blue) ion energies. In 
both cases the silicon doses have been chosen specifically not to create an amorphous 
region. Four silicon doses were designed to be roughly a factor o f  two apart w ith an order 
o f  m agnitude difference from the lowest to highest doses, w ith an aim  to experim entally 
study the effect o f  dose m atching from  low to relatively high doses. These doses are 
represented as open sym bols in figure 5.9, and also shown in table 5.1 with the estim ated 
areal vacancy density for each set o f  doses.
Table 5-1 dose matching of the 300keV and IMeV silicon implants to generate similar areal vacancy 
densities.
300keV Dose (cm 2) 1 MeV Dose (cm"2) Net Areal Density (cm'2) 
(300keV/lMeV)
1.51 xl 014 3.79x1014 4.38x10^/425x1013
3.01xl014 7.57xl014 8.74x10'3/8.5x1013
7.53xl014 1.89xl015 2.18x1014/2.12x1014
1.51 xl 015 3.79x1015 4.38x1 0 ,4/4.25x1014
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The estimated vacancy distributions are illustrated in figure 5.10 (a) to (d), indicating that 
not only are the areal vacancy densities similar but also the corresponding vacancy 
distributions are near identical. Figure 5.10 (a) represents the two highest dose silicon 
implants at ion energies o f  300keV (red) and IM eV (blue), with the doses getting 
progressively lower down to figure 5.10 (d).
The aim o f  this experiment is to not only investigate the possibility o f  reducing the 
vacancy engineering implant parameters but also to investigate the underlying physical 
processes behind the electrical activation o f  the boron layers. Therefore, the specification 
o f  the boron doping implant has been chosen to be at an energy o f  2keV and to a dose o f  
1015cm'2. This was specifically chosen to coincide with previous work by Nejim [96] who 
reported that a IMeV silicon implant had no significant effect on a 2keV boron implant. 
The distribution o f  the boron implant (green) is shown within figure 5.10, taken from an 
actual SIMS analysis from the following chapter.
Depth (nm) Depth (nm)
Figure 5-10 simulated vacancy distributions for all the 300keV and IMeV silicon implants. A 2keV 
boron SIMS profile is shown to indicate the relation of the boron distribution to the estimated 
vacancy distributions.
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5.4.2 Experiment Two: Aiming for the Ultra-shallow Junction
It m ust be noted that the design o f  this experim ent relies on the initial results obtained 
from experim en t one  w hich are presented in  the follow ing chapter. These dem onstrated 
that a low er energy silicon co-im plant is capable o f  being a viable option as a  vacancy 
engineering im plant, as the 300keV co-im plant dem onstrated a very  sim ilar level o f  
im provem ent o f  a  boron im plant in  term s o f  diffusion and activation com pared to the 
IM eV  equivalent. U sing the know ledge gained from  these initial results it was possible 
to try  and optim ise not only the vacancy im plant, but also the boron im plant in  an attem pt 
to m eet the requirem ents set by  the ITRS. For future CM OS devices the source/drain 
extensions require specifications that push the fundam ental lim its o f  the silicon substrate. 
In fact, the ITRS predicts that for the next generation o f  devices the boron layers m ust 
have a junction depth o f  <20nm  w ith a sheet resistance value o f  ~800 Ohm s/sq.
As experim en t one  uses a boron im plant energy o f  2keV, even in an as-im planted state 
the junction  depth does not fulfil the ITRS requirem ents. However, by  reducing the 
boron im plant energy to 0.5keV, the probability  o f  achieving the junction  requirem ents is 
m ore realistic. Also, this m eans it is possible to use a thinner SOI structure (55/145nm ) 
and still keep the boron layer contained w ithin the top silicon layer. Consequently, it is 
then possible to reduce the energy o f  the silicon ions used in  generating the excess 
vacancies, as the distance to position the excess silicon interstitials beneath the surface 
silicon layer is far less. Therefore, it w as determ ined that the m inim um  energy to place 
the peak o f  the silicon interstitials beneath the B O X  is 160keV.
A  schem atic o f  the experim ental layout in  relation to the SOI structure is shown in  figure 
5.11. A  m easured SIM S profile is used to represent the boron distribution in the top 
silicon layer, whereas the 160keV silicon im plant distribution has been estim ated using a 
M onte Carlo sim ulation.
In the first experim ent the silicon doses w ere chosen in the hope they w ould not 
am orphise the target substrates at any depth. However, it was speculated that i f  a buried 
am orphous layer w ere formed, leaving a crystalline surface layer, the effect o f  the 
vacancies w ould still be seen in  the  surface layer. Therefore, the next set o f  silicon doses 
w ere chosen to push the boundaries o f  the vacancy engineering technique, by  increasing 
the dose up to and beyond the point w here a buried amorphous layer w ould start to be 
formed.
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Figure 5-11 a schematic representation of the experimental layout of the implant profiles with respect 
to the SOI structure. The boron profile is an actual SIMS profile and the silicon distribution is 
estimated by a simulation.
To select the implant doses, a 160keV silicon implant was simulated using the same 
defect distribution method as used in section 5.2. It was determined theoretically that a 
silicon implant performed at an ion energy o f  160keV and to a dose o f  2x10 15 cm'2, forms 
a buried amorphous layer which extends towards the surface leaving an estimated lOnm 
o f  highly damaged but crystalline surface region o f  silicon. This was chosen to be the 
maximum dose, and three lower silicon doses where chosen at 4 x l0 14, 8x10 14 and 
1.1x10 15 cm-2.
The estimated vacancy distributions for all four o f  the silicon doses are shown in figure 
5.12 as open symbols. For comparison the SIMS profile from figure 5.11 is used to 
demonstrate how much better the boron distribution fits to the surface vacancy 
distribution. In fact, i f  the boron dose and/or energy were reduced it might be possible to 
directly match the boron and vacancy distributions. However, for the purpose o f  this 
experiment the boron implant has been fixed at 0.5keV and to a boron dose o f  1015 cm'2.
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Figure 5-12 estimated vacancy distribution (Monte Carlo simulation) resulting from the silicon co­
implant in relation to the boron profile (actual SIMS profile) as a function of dose, from 4 x l0 14 to 
2x1015 cm'2.
5.5 Summary
Using M onte Carlo sim ulations it has been shown that it is theoretically possible to use a 
lower energy/dose silicon im plant, and tailor the silicon dose to generate a net areal 
density o f  vacancies equivalent to that produced by a typical IM eV  co-im plant, w ith a 
2.5x reduction in dose. This is thought to be due to the inherent increase in nuclear 
stopping with the reduction o f  ion energy. Sim ilar trends in vacancy generation have 
been shown experim entally by V enezia using the Gold Labelling technique, supporting 
this theory.
Two experim ents have been designed on the basis o f  the sim ulations and experim ental 
reasoning, in an attem pt to show how  the vacancy engineering im plants can be optim ised.
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C h a p t e r  6
6  E x p e r i m e n t a l  R e s u l t s  I :  C o m p a r i s o n  o f  
E x p e r i m e n t s  O n e  a n d  T w o
6.1 Introduction
The previous chapter exam ined the theoretical process o f  optim ising the vacancy 
engineering technique, resulting in  the design o f  two experiments:
E xperim ent one  com pares a traditional IM eV  co-im plant w ith an optim ised (300keV) 
low er energy/dose co-im plant in relation to a boron doping process in  term s o f  electrical 
activation and diffusion.
E xperim ent two  uses a com bination o f  sim ulations and experim ental understanding from  
experim ent one to design an experim ent that pushes the boundaries o f  the vacancy 
engineering technique in  attem pt to m eet the requirem ents o f  the ITRS, and fulfil the 
second objective o f  this thesis.
This chapter presents the experim ental results from  experim ent one  and the initial results 
from  experim ent two. This chapter begins w ith the experimental details followed by  the 
results and discussions.
6.2 Experimental Details
Both o f  the experiments have been perform ed in  bulk silicon and SOI m aterial to 
investigate the substrate dependence. A ll silicon im plants w ere perform ed prior to the 
boron doping implants, for reasons explained in  chapter 4 and the im plant geom etry was 
kept constant at 7° tilt and 22° rotation for all ion im plantation steps.
Tables 6.1 and 6.2 list all the im plant specifications for experim ents one and two, 
respectively. The dose rates for all the silicon and boron im plant steps were kept 
approxim ately constant for each experiment. However, one o f  the silicon im plants in 
experim ent one , indicated as w afer no.2 in  table 6.1, shows a deviation from the other
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silicon implants due to unforeseen problems with the implanter at the time o f  implantation 
and only half the normal beam current was achieved. It is thought that this w ill not affect 
the results to a great extent but w ill be taken into account when making comparisons.
A ll the implants were initially performed at room temperature but due to beam heating 
effects the average temperature for the silicon implants for experim ent one  were 
established to be above ambient and are recorded in table 6.1. However, the wafer 
temperature during the subsequent boron implants has not been included due to the low  
power deposited in the wafer (3.5mW ) during implantation, compared to lOOmW and 
30mW for the IM eV and 300keV silicon implants, respectively.
A ll implant steps for experim ent one were performed at the Surrey Ion Beam Centre 
(IBC). However, for experim ent tw o , the 500eV boron implant is below their current 
capabilities. Therefore, a collaboration with Applied MATerials (AMAT) made it 
possible to fulfil all the specifications o f  the experimental design. A ll implants were 
performed on an AM AT Quantum X  implanter, which has a maximum ion potential o f  
80keV. Therefore, to reach the full 160keV for the silicon implants it was necessary to 
use doubly charged silicon ions. The temperature o f  wafer due to beam heating was not 
recorded. However, the implanter is designed to keep the wafer temperature below 60°C 
providing the power loading is below 2kW. As these silicon implants are well below this 
limit, it is estimated that the wafer temperature is between 25 and 40°C.
Subsequent annealing steps were performed isochronally from 600 (500 in exp 2) to 
1000°C for 10s under a constant N 2 flow  o f  1.5L/min. A  lm in, 450°C pre-stabilisation 
step was used before a 50°C/s ramp to the desired temperature.
To analyse the samples Hall effect, SIMS and RBS have been used to quantify the 
electrical and atomic properties o f  the boron layer, and the resulting damage created by  
the silicon implant, respectively.
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Table 6-1 Implant specifications for all the implants used in experiment one.
Implant Energy/ 
Wafer No.
Species Dose
(cm 1)
Beam I 
(^A)
Implant 
Time (mins)
Dose Rate 
(cm2/s)
Implant Temp
IMeV/l Si 3 .79xl015 0.1 126 5.03xl0M 86°C
lMeV/2 Si 1.89 xlO15 0.055 110 2.87x10" 40°C
lMeV/3 Si 7 .57xl014 0.1 23 5.43xlOu 86°C
lMeV/4 Si 3.79 xlO14 0.1 12 5.19xlOn 86°C
300keV/5 Si 1.51 xlO15 0.1 47 5.36x10" 50°C
300keV/6 Si 7.53 xlO14 0.1 23 5.54x10" 50°C
300keV/7 Si 3.01 xlO14 0.1 9 5.65x10" 50°C
300keV/8 Si 1.51 xlO14 0.1 4.5 5.55x10" 50°C
2keV/l B lxlO 15 7 88 1.89x10" -
2keV/2 B lxlO 15 7 90 1.84x10" -
2keV/3 B lxlO 15 7 88 1.89x10" -
2keV/4 B lxlO 15 7 89 1.86x10" -
2keV/5 B lxlO 15 7 90 1.84x10" -
2keV/6 B lxlO 15 7 90 1.84x10" --
2keV/7 B lxlO 15 7 91 1.83x10" -
2keV/8 B lxlO 15 7 91 1.83x10" -
2keV/9 B lxlO 15 7 100 1.66x10" -
Table 6-2 Implant specifications for all the implants used in experiment two.
Implant Energy 
(keV)
Species Dose
(cm'2)
Beam I 
(rA)
Implant 
Time (min)
Dose Rate 
(cm2/s)
160 Si 4 x l0 14 3497.17 8.5 7.98X10'1
160 Si 8 xlO14 3497.17 17 7.72x10"
160 Si 1.1 xlO15 3497.17 24 7.62x10"
160 Si 2 xlO15 3497.17 91 3.66x10"
0.5 B lxlO 15 2552.87 11 1.51xl012
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6.3 Amorphisation Check Using RBS
For both experim ents RBS was used to check the level o f  dam age created by the silicon 
ions directly after im plantation w ith no therm al processing.
The RBS spectra from experim ent one  o f  the highest dose co-im plants perform ed at 
IM eV  and 300keV are presented in figure 6.1. Using the same technique shown in 
section 4.3, where a random  spectrum  is com pared to the channelled spectra for each o f  
the implants. The channelled spectra for the IM eV  and 300keV silicon implants are 
represented by red and blue lines, respectively, for comparison the random  spectrum  is 
shown in green.
8000
Figure 6-1 amorphisation check using RBS of the as-implanted 300keV (red line) and IMeV (blue 
line) silicon implants into bulk silicon, implanted to a silicon dose of 1.51xl015 and 3 .79xl015cm'2, 
respectively. A random spectrum shown in green is used as a reference to indicate the damage level 
associated with amorphisation.
By com paring both the channelled spectra w ith the random  spectrum, one can clearly see 
that in both cases the backscattering yield is significantly lower than the random  
spectrum. This illustrates that both o f  the highest silicon doses used in experim ent one  do 
not am orphise the target anywhere throughout the range o f  the silicon implants. It is 
therefore possible to conclude that none o f  the silicon doses used in experim ent one  is 
high enough to create an am orphous layer. The RBS spectra for experim ent two are 
presented in a separate section (7.2). However, for the benefit o f  this section it m ust be 
noted that the highest silicon dose (2 x l0 15 cm"2) co-im plant in experim ent two  com pletely 
amorphises the surface silicon layer. However, the three doses below  this leave a 
crystalline surface region in which the boron im plant resides.
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6.4 Electrical Measurements
6.4.1 Sheet Measurements for Both Experiments
The analysis o f  the boron layers with respect to the vacancy engineering implants are 
presented, all the sheet Rs and Hall measurements from experiments one and two are 
presented and discussed simultaneously. Therefore, the effect o f  the IM eV co-implant on 
the boron layers will be presented first followed by the 300keV and then the 160keV co­
implants.
The effect o f  the IM eV silicon co-implants on the subsequent boron implants, in terms o f  
sheet Rs measurements (figure 6.2) are presented first, followed by the Hall 
measurements (figure 6.3) as a function o f  anneal temperature. The Rs measurements 
illustrate the boron layers with and without the IM eV co-implant in (a) SOI and (b) bulk 
silicon material. In both substrates the dose dependence o f  the co-implant is also 
examined, where all the boron layers with a co-implant are illustrated by open symbols 
and the boron only curves for comparison are represented as solid symbols. The N s and 
mobility which correspond to these Rs curves are presented in the following figure 6.3(a) 
and (b), respectively, using the same notation. However, due to problems in measuring 
the p-type layers in the bulk silicon substrate below an anneal temperature o f  800°C, only 
the Hall measurements for the SOI material are presented and discussed. The cause o f  
this problem is discussed in detail within section 6.7.
Comparing all the Rs trends as a function o f  co-implant dose, one can see that at low  
anneal temperatures the Rs curves with a co-implant produce lower Rs curves compared 
to the boron layer without a co-implant, with the level o f  reduction increasing with silicon  
dose. As the anneal temperature is increased all the trends, with or without a co-implant 
merge until no distinguishable difference is observed at 1000°C. The corresponding N s 
and mobilities are shown i f  figure 6.3(a) and (b), respectively, demonstrating similar 
trends where the effect o f  the co-implants are only seen at low annealing temperatures. 
This is discussed in more detail in the following discussions (6.4.2). To check the 
observed trends a series o f  experiments were repeated, namely the boron layers with and 
without the two highest dose silicon co-implants. These were annealed at 700 to 900°C  
and are shown in figure 6.2(a) by crosses which show reasonable agreement with the 
previous data. However, the repeated boron only measurements (black crosses) are
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higher than the original results, to a  degree where the points are outside o f  the +/-8%  error 
associated with taking the actual Rs m easurem ent. The calibration o f  the anneal 
tem perature shown in section 3.5.1 was only com pleted for the first set o f  experim ents 
and not the repeats.
T e m p  (°C)
Figure 6-2 Rs measurements of a 2keV boron implant with and without a IMeV silicon co-implant to 
a range of doses from 3.79xl014 to 3.79x10'5 cm'2 in SOI (a) and bulk silicon (b). crosses represent 
measurement repeats of a select series of samples to verify the trends.
114
Chapter 6: Experimental Results I
Therefore, it is hypothesised that the difference between the data is associated w ith a 
change in anneal tem perature, roughly 5%. As the Rs o f  the boron only curve as a 
function o f  anneal tem perature reduces at a  faster rate than com pared to the highest dose 
co-im plants the variation in anneal tem perature is more prominent. However, all the 
samples in a series were alw ays com pleted with the same support w afer and 
therm ocouple, to m inim ise errors w hen com paring the results.
T e m p  (°C)
Figure 6-3 Hall analysis of boron doped layers in SOI, with and without a IMeV silicon co-implant 
The Ns (a) and mobility (b) are represented for a series of silicon doses from 3.79xl014 to 3 .79xl015
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Using the same m ethodology and notation used to present the electrical properties o f  the 
boron layers with the IM eV  co-im plants, the effect o f  the 300keV on the boron implants 
are presented in term s o f  Rs and Hall effect analysis in figures 6.4 and 6.5, respectively.
T e m p  (°C)
Figure 6-4 Rs comparison of boron doped layers with and without a 300keV silicon co-implant in SOI 
(a) and bulk silicon (b) as a function of a 10s isochronal annealing, in a nitrogen am bient The silicon 
implants were performed to a range of doses from 1.5xl014 to 1.5xl015 cm*2. Crosses represent 
measurement repeats of a select series of samples to verify the trends.
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Figure 6-5 Hall analysis o f boron doped layers in SOI, with and without a 300keV silicon co-implant. 
The Ns (a) and mobility (b) as a function of anneal temperature of boron layers with a series of silicon 
co-implant doses from 1.51xl014 to 1.51xl015 cm'2.
The effect o f  the 300keV co-implants on the electrical properties o f  the boron layers in 
terms o f  Rs, N s and mobility o f  the boron layers are near identical to the IM eV co­
implant trends. However, differences are apparent and these are discussed in detail within 
section 6.4.2.
To finish the presentation o f  the isochronal electrical analysis, the initial results o f  
experim ent two  are presented in figures 6.6 and 6.7 in terms o f  Rs and Hall effect 
analyses, respectively, using the same methodology as the previous data. Even though
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the boron and silicon implant specifications are completely different to experiment one, 
there are distinct similarities in the resulting trends. However, a significant difference is 
the level of Rs reduction achieved which is m u c h  greater than either of the previous co­
implants (300keV and IMeV). It must be noted that the highest dose co-implant does not 
obtain the best level of Rs as it was determined that the highest silicon dose completely 
amorphised the surface layer of the SOI material. This is discussed in more detail in 
section 7.1.
Temp (°C)
Figure 6-6 Rs comparison o f boron doped layers w ith  and w ithout a 160keV silicon co-im plant in S O I 
(a ) and B u lk  Si (b ) as a function o f a 10s isochronal annealing scheme in a N 2 a m b ie n t The silicon 
im p lant has been perform ed to a range o f doses from  4 x l0 14 to 2 x l0 15 cm'2.
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T e m p  ( ° C )
Figure 6-7 H a ll effect measurements o f boron doped layers in S O I, w ith  and w ithout a 160keV silicon 
co -im p la n t The Ns (a ) and m obility (b ) are illustrated as a function o f anneal tem perature and 
silicon co-im plant dose from  4x10 14 to 2x10 15 cm '2.
6.4.2 Discussions a n d  U n d e r s t a n d i n g  of Sheet Electrical M e a s u r e m e n t s
All the Rs, N s  and mobility curves as a function of temperature and silicon dose for all 
three co-implants (160keV, 300keV and I M e V )  s how very similar trends, suggesting the 
mechanisms behind the improvements are the same. Therefore, all the sheet electrical 
measurements are discussed simultaneously.
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6.4.2.1 E x p e r i m e n t  O n e  ( 2 k e V  B o r o n )
T o  begin the discussions it is beneficial to examine the electrical properties of a boron 
implant without a co-implant first as a function of anneal temperature, as this will help in 
understanding the effect of the silicon co-implants and act as a guide for comparison. 
Therefore, the boron layer from experiment one, without a co-implant (black line in 
figure 6.2(a)) is discussed first. At an anneal temperature of 600°C the measured R s  value 
is high, at around 9k Ohms/sq which is roughly an order of magnitude higher than what 
is required b y  the ITRS. However, b y  simply increasing the anneal temperature the Rs is 
s hown to monotonically decrease, until an R s  value of 500 Ohms/sq is achieved at 
1000°C. Having actually achieved a low resistance layer at 1000°C, one has to realise 
that as the anneal temperature is increased the junction depth also increases through 
diffusion. Therefore, b y  increasing the anneal temperature to 1000°C one criterion of the 
I T R S  specifications is met, but another important parameter is lost.
T o  understand the underlying processes behind the boron R s  trends, the corresponding N s  
and mobility (black lines in figures 6.3 (a) and (b), respectively) have to be compared 
simultaneously with respect to the Rs. F r o m  600 to 800°C, the N s  stays roughly constant 
and the corresponding mobility is s hown to increase b y  a factor of 3. Therefore, it is 
concluded that the cause of the R s  reduction over this temperature range is a result of the 
mobility improvement. The magnitude of the mobility relates to the quality of the 
substrate, which means, that the R s  reduction between 600 and 800°C is purely due to the 
implant damage removal. In contrast, in the anneal temperature range of 800 to 1000°C 
N s  increases rapidly, and the mobility decreases dramatically. However, as the N s  is 
increasing at a faster rate than the mobility reduction, it can be concluded that the Rs  
reduction from 800-1000°C is as a result of the increase in the number of electrically 
activated boron atoms. A s  more boron atoms beco m e  substitutional and then ionised, the 
mobility is reduced due to the increase in ionised impurity scattering. T h e  mobility of the 
carriers is directly affected b y  m a n y  scattering mechanisms and ionised impurity 
scattering is dominant at r o o m  temperature [157], causing the mobility to degrade with 
increasing Ns.
It was proposed b y  Mannino et al. [48] that in the early stages of annealing or possibly 
during implantation, free silicon interstitials escaping from ion collision cascades attach 
themselves to others to form interstitial clusters, migrate and annihilate with vacancies or 
vacancy clusters, or migrate and react with boron atoms. The latter case leads to a series
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of agglomerating reactions which form the basis for the nucleation of small BICs. The 
dissolution kinetics of such clusters have been studied by Mirabella et al. [158] between 
815°C and 950°C showing the main mechanism for B I C  dissolution is the release of 
interstitial boron atoms. Therefore, one can conclude that the boron only trend from 600 
to 1000°C in N s  is as a result of the formation and dissolution of BICs.
With a greater understanding of h o w  the boron without a co-implant activates/deactivates 
as a function of anneal temperature, the effect of the I M e V  silicon co-implants on the 
boron layers in terms of R s  is discussed (represented by open symbols in figure 6.2(a)). 
B y  comparing the boron with (red) and without (black) the lowest dose silicon co-implant 
one can see definite similarities between the two curves but also distinct differences. At 
an anneal temperature of 1000°C the R s  values are near identical, demonstrating that the 
I M e V  co-implant has resulted in no improvement of the boron layer. This is also apparent 
w h e n  the temperature is reduced to 900°C. However, w h e n  the anneal temperature is 
reduced even lower to 800°C, the boron layer with a co-implant demonstrates a reduction 
in R s  of around 13%. Reducing the annealing temperature even further, the effect of the 
co-implant is more apparent showing a greater reduction in R s  of around 3 0 %  compared 
to the boron only curve. This trend continues d o w n  to an anneal temperature of 600°C.
This clearly demonstrates that to observe the improvements of the co-implant a low 
temperature anneal is required. This phenomenon corresponds with the previous work in 
chapter 4 where the order of the vacancy engineering and boron implants were tested, 
where the results only demonstrated an appreciable effect w h e n  the anneal temperature 
w as below 800°C.
The effect of increasing the I M e V  co-implant dose on the boron layers is shown b y  the 
blue, green and magenta curves, representing the increase in silicon dose to 7.57x10 14, 
1.89xl015 and 3.79xl015 cm"2, respectively. Comparing the R s  curves of the lowest (red) 
and second lowest (green) dose co-implants, illustrates the effect of increasing the silicon 
dose by a factor of 2. This increase in dose does not have an effect in terms of Rs until 
the anneal temperature is actually reduced below 800°C. Therefore the increase in the co­
implant dose, is again, only apparent at low temperatures. This trend continues with 
increasing silicon dose, where at the highest dose (magenta) a 2x reduction over the boron 
only curve is observed within the temperature range of 600 to 800°C.
T he N s  and mobilities of the boron layers with a I M e V  co-implant are represented in 
figures 6.3 (a) and (b), respectively. Comparing the lowest dose (red) co-implant to the
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boron only (black) curve at 600°C, a 6 0 %  increase in the number of substitutional boron 
atoms is achieved. A s  the anneal temperature is increased from 600 to 800°C the boron 
with the co-implant shows a reduction in Ns, indicating that boron atoms are being 
removed from their original substitutional lattice sites, hence, the deactivation process is 
occurring. However, the number of electrically active boron atoms is still consistently 
higher than the boron only curve over this temperature range. This corresponds to a lower 
mobility trend as the ionised impurity scattering is greater. A b o v e  800°C the boron layer 
with the co-implant follows the similar trend of the boron only curve indicating a 
dissolution process of the BICs, illustrated by a rapid increase in N s  which correlates with 
the fast reduction in mobility. At 900 and 1000°C the two N s  and mobility curves merge 
resulting in no discemable difference in the measured values of the boron layers with and 
without the co-implant. Th e  intermediate doses behave in a similar manner. However, 
the effect of the highest dose (3.79x10 15 cm'2) co-implant on the boron layer is slightly 
different to all the other I M e V  co-implants. Firstly, at 600°C and 700°C, the N s  are 
higher than compared to the boron only value. However, compared to the next highest 
silicon dose (1.89xl015 cm'2) co-implant, there is no improvement in N s  but there is still 
an improvement in Rs. This R s  improvement actually turns out to be due to an increase in 
mobility which could suggest that the improvement in N s  has saturated, but the increase 
in vacancies due to the increase in silicon dose has improved the implant damage 
removal. Secondly, the point at which the BICs start to dramatically dissolve has been 
reduced from 800 to 700°C, resulting in the N s  curve only merging with all the other 
curves at 1000°C.
It is interesting to note that Kalyaranaman et al. [102] also reported a low temperature 
improvement in electrical activation w h e n  using vacancy engineering. However, the 
boron peak concentration was not high enough to see such a large improvement as w e  
show here.
O n e  theory for the general improvements in N s  at low temperatures is that as the vacancy 
concentration increases, the initial fraction of clustered boron is reduced, suggesting that 
the vacancies suppress the B I C  formation. However, the reason for the merging Rs, N s  
and mobility trends at high anneal temperatures is thought to be due to two main 
processes. These are the B I C  dissolution process, and the natural increase in the boron 
solubility as a function of temperature. These processes increase in their effect until there 
is no appreciable difference between the boron layers with or without the co-implants.
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T o  inhibit the B I C  formation the excess vacancies must affect the reaction kinetics that 
take place. It is well k n o w n  that boron diffuses and clusters with interstitials via the 
following reactions (using the same notation explained within section 2.4.1):
(1) B + I< >BI \  Enhanced Diffusion
(2) BI + B< >B2I
. BIC Evolution
>
(3) B,nh +1*- - >B,Jn+1
(4) BmIn + BI<- >Bm+l +  In+1
It is also k n o w n  that an interstitial defect will readily recombine with a vacant lattice site 
( V ) [34], thus the following basic reactions also occur:
Interstitial -  Vacancy annihilation mechanism
(5) I  + V< >0
(6) BI + V< >B
B y  increasing the vacancy concentration, through co-implantation, the probability of 
reactions (5) and (6) taking place increases, removing the BI or I component from 
reactions (1) to (4), thus inhibiting the B I C  evolution and boron diffusion. However, 
practically this point like defect model is not realistic and would need to be extended to 
encompass vacancy clusters to be more practical. O n e  reason for this is that it that m o n o ­
vacancy type defects are very mobile at low temperatures [159], even r o o m  temperature, 
and therefore the most probable starting configuration would be the di-vacancy. In fact 
the whole evolution of the vacancy clusters in the presence of an interstitial rich volume 
would have to be taken into account. A  list of additional reactions that would also need to 
be taken account of is presented within the appendix (section 9.3).
Comparing the Rs, N s  and mobility curves for the I M e V  and 300keV co-implants, 
distinct similarities are seen as a function of anneal temperature and silicon dose 
dependence. This clearly shows that a lower dose equivalently designed co-implant 
shows large improvements in R s  reduction, supporting the theory that it is possible to use 
a lower energy/dose silicon co-implant for vacancy engineering.
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It is interesting to note that in the case of the highest dose 300k e V  (magenta) co-implant 
the N s  does not actually deactivate very m u c h  from 700 to 800°C compared to the lower 
dose co-implants. Therefore, this trend suggests that if enough excess vacancies are 
generated it m a y  be possible to completely suppress the boron clustering process.
T o  quantify h o w  similar the two vacancy engineering implants are, a direct comparison of 
the two co-implants follows this section to examine the efficiency of the implant 
matching (section 6.5).
6.4.2.2 E x p e r i m e n t  T w o  ( O . S k e V  B o r o n )
So far only the boron curves from experiment one have been discussed. T o  complete the 
analysis, the effect of the 160keV co-implant on the boron curves from experiment two 
are discussed and compared to experiment one.
In terms of Rs (figure 6.6), the boron trends as a function of anneal temperature are 
similar to experiment one, showing distinct improvements at low temperatures which 
increase with silicon dose, with all the curves merging at high temperatures. However, 
the levels of improvement within this experiment are very m u c h  greater. A s  the aim of 
this experiment is to achieve the lowest R s  possible, the remainder of this section focuses 
on the co-implant which achieves this, namely the silicon implant to a dose of l.lxlO15 
c m -2 dose (red).
For comparison the R s  trend as a function of anneal temperature of the boron without a 
co-implant is discussed (black) first. Between 500°C and 600°C a clear increase in sheet 
resistance is observed, however, increasing the anneal temperature to 600°C and above 
the Rs reduces monotonically.
Correlating the mobility and N s  (figure 6.7 (a) and (b), respectively) with the Rs it can be 
seen that the initial increase in R s  at low annealing temperatures is a direct result in the 
reduction of substitutional boron, even though the mobility increases it is not sufficient to 
reduce the resultant Rs. However, between 600°C and 700°C the reduction in Rs is due to 
the rapid rise in mobility whilst the boron atoms are still deactivating, possibly due to the 
removal of scattering centres remaining from the implant damage. This is similar to the 
reference boron layer in experiment one and was explained due to the formation and 
dissolution kinetics of BICs and a concomitant increase in the solid solubility as function 
of anneal temperature. However, this clear reduction in N s  at low temperatures and rapid
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rise at higher anneal temperatures was clearly shown by Shannon et. al. [160l It was shown 
that a boron layer formed b y  implantation at an ion energy of 6 0 k e V  and to dose of 1015 
cm'2 significantly deactivates during subsequent annealing between the anneal 
temperature range of 400°C and 600°C. Whereas, increasing the anneal temperature to 
above 600°C shows a rapid rise in the re-incorporation of the boron atoms within the 
silicon lattice. This ‘reverse annealing’ affect was attributed to a displacement mechanism 
proposed by  Watkins et. al. [161] w h o  suggested that highly mobile silicon interstitials 
remaining from the irradiation displaces the once substionional boron into an interstitial 
position, hence deactivate the boron atoms.
In the case of the boron layer with the l.lxlO15 cm'2 silicon co-implant there is a distinct 
difference in the R s  as a function of anneal temperature compared to the reference curve, 
indicating a clear improvement in R s  (red), with the level of reduction increasing to over 
a factor of 25 at 700°C, producing a R s  value of 860 Ohms/sq, which is very close to 
I T R S  requirements. Furthermore, this co-implant produces a m u c h  more stable p-type 
layer over the improvements seen in experiment one, indicating a minimal change in the 
Rs values between 700 and 900°C.
T he boron electrical activation (figure 6.7(a)) behaviour with the silicon co-implant (red) 
is quite different compared to the boron only curve. With the co-implant the N s  is high, 
and stays high over the whole annealing regime, clearly showing no ‘reverse annealing’ 
affect, indicating that the R s  improvement is due to the increase in the electrically active 
boron. Comparing the levels of N s  with and without the co-implant at 700°C, it can be 
seen that with the silicon co-implant the number of electrically active boron atoms is of 
the order of 3xl014 c m -2, compared to 3xl012 cm'2 in the control sample, resulting in a 
lOOx improvement. This can be attributed to the reduction in the boron displacements 
during thermal processing, and hence inhibiting the ‘reverse annealing’ affect, which is 
due to a reduction of the interstitial concentration. This is further supported by comparing 
boron layers with this co-implant and the lowest dose (8x1014 cm'2) co-implant, where a 
distinct deactivation is observed, however as the vacancy concentration is not high 
enough to reduce the interstitial population significantly the deactivation is still seen, 
where the high dose co-implant completely inhibits the ‘reverse annealing’ affect. Clearly 
indicating the vacancy engineering technique works through a vacancy-interstitial 
annihilation mechanism, resulting in a highly stable junction without the need for high 
temperatures to dissolve the BICs.
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T he mobility curve (figure 6.7 (b)) of the boron layer with the co-implant (red) starts low 
at 700°C and gradually increases as a function of anneal temperature to the same level as 
the boron only (black) implant at 1000°C. This could be due to a combination of m a n y  
scattering mechanisms but it is speculated that this is mainly due to two effects: firstly, 
residual defects acting as scattering centers m a y  be removed m ore efficiently at higher 
temperatures; secondly, as the level of activation stays quite constant it is thought that 
diffusion will still occur, which in turn means the peak concentration of the active profile 
will reduce as the profile diffuses out. Hence, the mobility throughout the boron profile is 
increased as the local ionized impurity scattering will be reduced.
This clearly shows that vacancy engineering is a viable alternative to producing low 
resistive layers without the necessity of an advanced anneal scheme. However, to 
examine the junction depth and h o w  these layers diffuse is described in the following 
chapter.
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6.5 C o m p a r i n g  the Efficiency o f  E x p e r i m e n t  O n e  ( 2 k e V  B o r o n )
The main aim of experiment one was to design an implant which would generate a 
similar concentration of vacancies at a m u c h  lower energy and dose compared to a 
traditional I M e V  vacancy engineering implant. The previous section clearly shows the 
equivalently designed 300keV has a positive effect on the boron layers. However, the 
boron layers with the 300keV and I M e V  silicon co-implants have only been examined 
individually. Therefore, to test h o w  successful the dose matching has been, a series of 
direct comparisons are m a d e  and presented in this section.
Temp (°C)
Figure 6-8 d irect Rs comparison o f boron layers w ith  the two highest dose silicon co-implants at 
300keV  and IM e V  to doses o f 1 .5 1 x l0 15 and 3.79x10 15cm*2, respectively.
For both of the 300keV and I M e V  co-implants the greatest effects on the boron layers 
were the ones with the highest silicon doses. Therefore, figure 6.8 shows the direct 
comparison of the boron Rs trends as a function of anneal temperature with and without 
(black line) the highest dose co-implants, performed at ion energies of 300keV (red line) 
and I M e V  (blue line). At an anneal temperature of 1000°C all the boron layers report 
near identical Rs values of around 500 Ohms/sq. A s  the anneal temperature is lowered to 
900°C, the two co-implants s how a similar level of Rs reductions compared to the boron 
only curve. However, as the anneal temperature is reduced to 800°C the Rs curves with 
the two co-implants start to deviate from each other. The 300keV co-implant produces a 
lower Rs, compared to its I M e V  equivalent, and this distinction is also apparent at 600 
and 700°C.
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Si Dose (at/cm2)
Figure 6-9 direct comparison o f boron layers w ith  the two silicon co-implants at ion energies o f  
300keV  (red ) and lM e V (b lu e ) as a function o f dose in terms o f Ns (a ) and Rs (b ) at 700°C. As a 
reference the boron only data is represented by the black plots.
A s  figure 6.8 only compares the highest dose co-implants, figure 6.9 compares both co­
implants as a function of dose at a constant anneal temperature of 700°C, in terms of N s  
(a) and Rs (b). Clearly, the N s  for the 300keV co-implant (red) is constantly higher than 
the I M e V  co-implant (blue), this is also reflected in the Rs.
The actual cause of the difference between the two co-implants is unclear. There are two 
possibilities; firstly, the estimated vacancy distributions are experimentally different, 
deviating from the predicated distributions calculated in chapter 5. Secondly, due to the 
b e a m  currents being matched for both the 300keV and I M e V  implants the power 
deposited into the wafer at 300keV is reduced due the lower implant potential, resulting in 
a reduction of the wafer temperature during implantation. It is quite plausible that by 
having a hotter wafer in the I M e V  case the dynamic annealing of the wafer during
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implantation has resulted in a lower vacancy concentration, or in vacancy configurations 
that are less efficient in eliminating interstitials.
6.6 S I M S  a n d  Differential H a l l  M e a s u r e m e n t s :  E x p e r i m e n t  O n e
So far only the sheet measurements have been presented and discussed. T o  complete the 
analysis of experiment one and to add another dimension to the discussions, S I M S  
analyses and Differential Hall Measurements ( D H M )  were performed on a select set of 
samples to investigate the effect on electrical activation and diffusion for a range of 
annealing temperatures. A s  the boron electrical properties improve with increasing 
silicon dose, the two highest dose 3 0 0 k e V  and I M e V  co-implants were chosen to be 
analysed. It must be noted that the D H M  have not been corrected for surface depletion 
effects (see section 3.7) which can lead to changes in the electrical profiles. However, 
with careful interpretation the D H M  are able to provide useful information without the 
need for correction. It must also be noted that all the S I M S  analyses shown in the 
following sections have been normalised to a constant boron dose of 1015 cm'2.
6.6.1 2 k e V  B o r o n  O n l y
For comparative purposes the electrical activation and diffusion behaviour of a boron 
layer without a co-implant is presented and discussed first (figure 6.10). For each D H M  
(scatter plots) there is a corresponding S I M S  (lines) profile of the same colour to illustrate 
the level of electrical activation and atomic distribution, respectively, as a function of 
anneal temperature at 700 (green), 800 (blue) and 900°C (magenta). This notation has 
also been used for all the D H M  and S I M S  profiles within this section.
T h e  initial boron distribution before any thermal treatment is represented b y  the as- 
implanted S I M S  profile. Taking a reference point at 1018 cm'3, the tail (junction depth) of 
this S I M S  profile corresponds to a depth of ~70nm. Performing 700 (green) and 800°C 
(blue) anneals shows that the junction depth remains almost constant, indicating that very 
little diffusion has occurred. However, at 900°C there is ~ 1 5 n m  of diffusion from the as- 
implanted profile.
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In terms of electrical activation the D H M  at 700°C shows a “V ” shape carrier distribution 
with the m i n i m u m  occurring at a concentration of ~4 x l 0 17cm'3. A s  the anneal temperature 
is increased the m i n i m u m  also increases, up to ~ 1 0 19cm'3 at 900°C. It is also interesting 
to note that the “V ” shape distribution becomes less pronounced with increasing 
temperature.
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Figure 6-10 comparison o f S IM S  (solid lines) and H a ll profiles (scatter plots) fo r a boron only im plant 
annealed at 700 (green), 800 (b lue) and 900°C (m agenta) fo r 10s. F or S IM S  comparison the as- 
im planted 2keV  boron im p lant is shown via the solid red line.
Comparing the S I M S  and Hall profiles at the anneal temperatures of 700 and 800°C, it is 
possible to see that the lack of diffusion is also combined with a low level of electrical 
activation. Therefore, one can conclude that the majority of the boron implant is 
clustered and immobile. However, w h e n  the anneal temperature is increased to 900°C, the 
D H M  indicates a significant rise in the level of activation and the corresponding S I M S  
profile indicates a sudden burst of diffusion. This clearly shows the immobile/inactive 
BICs dissolve with increasing temperature giving rise to a higher mobile/active fraction 
of the boron distribution.
6.6.2 2 k e V  B o r o n  with I M e V  a n d  3 0 0 k e V  Silicon Co-implants
T o  further the discussion, the effects of the I M e V  highest dose (3.79xl015 cm'2) silicon 
co-implant on the boron layers are presented in figure 6.11, using the same notation as in 
figure 6.10.
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In terms of electrical activation all the Hall profiles show the “V ” shape carrier 
distribution. However, compared to the boron only samples at anneal temperatures of 700 
and 800°C the minima occur at m u c h  higher concentrations, whereas at 900°C there is 
little difference. This conclusively proves that the vacancy engineering implant has 
reduced the boron-silicon interstitial clustering process at low annealing temperatures. At 
high temperatures the effect of the co-implant becomes reduced as the increase in 
temperature naturally dissolves the BICs.
In terms of diffusion, all the annealed S I M S  profiles show a significant amount of dopant 
m o v e m e n t  compared to the boron without a co-implant. In fact, there are distinct “kinks” 
apparent in all of the annealed S I M S  profiles. A s  discussed in section 2.4.1, a kink is well 
k n o w n  to occur at the point in the profile where the immobile/inactive part of the boron 
meets the mobile/active fraction. Th e  concentrations at which these kinks occur is ~5, 3 
and 2x10 19 cm"3 for anneal temperatures at 700, 800 and 900°C, respectively. A s  the kink 
point is an indirect representation of the level of electrical activation, assuming this level 
is constant from these kink points up to the surface, one could conclude that the activation 
level is decreasing with increasing anneal temperature. However, the sheet N s  
measurements in figure 6.3(a) clearly s how that from 700 to 900°C the number of 
electrically active boron atoms is increasing, showing the complete opposite! Th e  Hall 
profiles clearly sho w  the reason for this contradiction, the carrier profiles are not flat. 
Examining the shape of the Hall profiles illustrates h o w  both trends can be understood.
Comparing the D H M  and S I M S  profile at 700°C, one can see from the Hall profile that 
from a depth of 5 n m  the carrier concentration rises towards the kink in the SIMS. At 800 
and 900°C, a similar trend is seen in the Hall profile, where again, after the minima the 
active carrier concentrations tend towards the kink in the SIMS. Therefore, the Hall and 
S I M S  profiles have highlighted two processes happening simultaneously. Firstly, as the 
anneal temperature is increased the boron electrical activation increases within the boron 
peak, but with the addition of a co-implant the initial electrical activation is higher. 
Secondly, a greater amount of diffusion is occurring as there is more mobile boron, even 
at low temperatures.
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Figure 6-11 comparison o f S IM S  (solid lines) and H a ll profiles (scatter plots) fo r a boron and IM e V  
silicon co-im plant to a dose o f 3 .7 9 x l0 15 cm'2 annealed a t 700 (green), 800 (b lue) and 900°C (m agenta) 
fo r 10s. F o r S IM S  comparison the as-im planted 2keV  boron im plant is shown via the solid red line.
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Figure 6-12 comparison o f S IM S  (solid lines) and H a ll profiles (scatter plots) fo r a boron layer w ith  a 
IM e V  silicon co-im plant to a dose o f 1 .8 9 x l0 15 cm'2 annealed at 700 (green), 800 (blue) and 900°C  
(m agenta) fo r 10s. F o r S IM S  comparison the as-im planted 2keV  boron im plant is shown via the solid 
red line.
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A s  the effect of the vacancy engineering implant is strongly dose dependant, the 
following discussion examines the effect of reducing the co-implant dose from 3.79x10 15 
cm"2 to 1.89xl015 cm"2 (figure 6.12).
In terms of diffusion, all the annealed S I M S  profiles s how distinct kinks as seen 
previously. However, compared to the highest dose co-implant all the kinks appear in the 
boron distribution at lower concentrations and the amount of diffusion in the tail regions 
is significantly increased. With respect to the Hall profiles, at 700 and 800°C one can see 
that the “V ” shape carrier distribution is still apparent. However, at 900°C a combination 
of diffusion and an activation increase has resulted in the removal of the “V ” shape carrier 
distribution.
A  comparison between the D H M  and S I M S  profiles s how all the Hall profiles tend 
towards the kinks in the S I M S  profiles. A n  overall comparison of Hall profiles and kinks 
in the S I M S  profiles indicate the general level of electrical activity is lower than 
compared to the highest dose co-implant. Therefore, one can conclude that as the co­
implant dose is increased not only is the boron electrical activation increased but also the 
amount of diffusion is reduced.
T o  complete the study the following D H M  and S I M S  profiles examine the effect of the 
300keV co-implants. Using the same notation as figure 6.12, the two highest dose co­
implants, 1.51xl015 and 7.53xl014 cm"2 are presented in figure 6.13 and 6.14, 
respectively. It is clear that the same trends in profile shape occur for both 300 k e V  and 
I M e V  silicon co-implants, consistent with the same mechanisms taking place in both 
cases.
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Figure 6-13 comparison o f S IM S  (solid lines) and H a ll profiles (scatter plots) fo r a boron layer w ith  a 
300keV  silicon co-im plant to a dose o f 1 .5 1 x l0 15 cm*2 annealed at 700 (green), 800 (b lue) and 900°C  
(m agenta) fo r 10s. F o r S IM S  comparison the as-im planted 2keV  boron im p lant is shown via the solid 
red line.
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Figure 6-14 comparison o f S IM S  (solid lines) and H a ll profiles (scatter plots) fo r a boron layer w ith  a 
300keV  silicon co-im plant to a dose o f 7.53x10 14 cm'2 annealed at 700 (green), 800 (blue) and 900°C  
(m agenta) fo r 10s. F o r S IM S  comparison the as-im planted 2keV  boron im plant is shown via the solid 
red line.
134
Chapter 6: Experimental Results I
6.6.3 U n d e r s t a n d i n g  of Activation a n d  A t o m i c  Profiles
Th e  activation and diffusion processes of a boron layer with and without a co-implant 
have been s hown to be different. The following discussion proposes an interpretation of 
the observed trends in the Hall and S I M S  profiles. A  schematic of the two processes are 
illustrated in figure 6.15, where a boron profile is shown with (right column) and without 
(left column) a co-implant. Three pairs of schematics, propagating d o w n  the page, 
demonstrate the effect of increasing the anneal temperature from 700 to 900°C.
At 700°C the boron only layer shows negligible amounts of diffusion as the majority of 
the dopant atoms are clustered in BICs, making them inactive and immobile. However, 
with a high dose vacancy engineering implant the formation of BICs is reduced, resulting 
in a large active/mobile fraction of boron compared to the boron only layer. A s  the 
vacancy concentration or distribution is not high enough to match the boron profile BICs 
still occur. W h e n  the anneal temperature is increased to 800°C, the boron only curve 
shows a little m o v e m e n t  in terms of diffusion as the majority of the boron distribution is 
still tied up in BICs. In contrast, the boron layer with a co-implant, shows that the highly 
active mobile boron is diffusing, which lowers the kink point and increases the junction 
depth. This occurs simultaneously with the effect of B I C  dissolution in the boron peak 
giving rise to an increase in the overall electrical activity. At 900°C the boron only 
profiles indicate a large increase in electrical activity, which in turn gives rise to a large 
fraction of mobile boron leading to a burst of diffusion and a m u c h  greater junction depth. 
Th e  electrical activation level comes in line with the kink point. With respect to the boron 
layer with a co-implant, the carrier distribution becomes flatter as more of the BICs 
dissolve. Th e  kink point is lowered further as diffusion of the already mobile boron is 
occurring simultaneously. Therefore, the resulting activation levels of a boron layer, with 
and without a co-implant produce a very similar distribution with depth.
This shows h o w  all the trends discussed previously are possible. Even though the vacancy 
engineering implant increases the electrical activation at low anneal temperatures, the 
boron only profiles s how it is possible to achieve the same level of activation at high 
annealing temperatures. A s  the vacancy distribution is not high enough to incorporate the 
whole of the boron layer it is thought that to optimise the technique even further a more 
precise match of the vacancy distribution with the boron profile is required (As discussed 
in section 7.4).
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Figure 6-15 schematic representation o f the d ifferen t electrical and atomic behaviour o f the boron  
layers w ith  and w ithout a co-im plant as a function o f anneal tem perature.
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6.7 C o m p a r i s o n  o f  S O I  a n d  B u l k  silicon Substrates
Th e  majority of the results discussed within this thesis are of boron layers in SOI 
substrates, so this section discusses the two main reasons behind w h y  S OI is the most 
dominant material within this study in terms of boron electrical activation and diffusion.
Throughout this work, the bulk silicon results have been omitted due to problems in 
measuring the p-type layers w h e n  an anneal temperature below 900°C is used, as all 
samples with a co-implant have an uncharacteristically low R s  value which corresponds 
to a negative N s  value. This means the dominant carriers providing conduction in these 
samples are electrons, due to their negative charge. A s  all the bulk silicon samples have 
an n-type substrate, the p-type surface boron implant should create a p/n junction which 
isolates the surface p-region from the bulk.
T h e  n-type reading could be due to one of two problems. Firstly, problems with the 
measurement can occur w h e n  the probes used to contact the samples punch through the p- 
type layer to the n-type underlying substrate. Secondly, the boron implant and anneal 
m a y  result in a low quality (leaky) p/n junction, which allows conduction through to the 
underlying substrate.
T o  test the first theory, raised contacts were m a d e  to a set of samples to m a k e  sure the 
probe tips did not penetrate into the substrate. All the samples showed the exact same 
electrical properties as before. Therefore, it was concluded that the problem is associated 
with a poor quality p/n junction. D u e  to the fact that all the boron samples without a 
silicon co-implant are measurable d o w n  to low anneal temperatures, the leaky junction 
must be related to the damage remaining from the silicon co-implant. A s  this only occurs 
at low anneal temperatures it is thought that there is not enough time/temperature to 
remove the damage from the p/n junction. Previous work b y  Lindsay et al.[l62] reported a 
similar effect w h e n  end of range defects were located within a p/n junction. This set of 
results highlights one of the advantages of using SOI over bulk silicon. It is quite 
possible that this effect could be resolved b y  a deeper n-type implant to engineer the 
background doping in bulk silicon so that conduction across the junction is minimised.
O n e  of the main assumptions of this study in relation to the use of a lower energy/dose 
vacancy engineering implant in a SO I  substrate is the fact that the silicon intersitials 
located beneath the B O X  will not diffuse back. So far this has not been proven, therefore 
to complete this chapter a series of S I M S  measurements are used to conclusively prove
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that the B O X  acts as a near perfect diffusion barrier for the temperature range used in this 
study.
T o  achieve this, the 3 0 0 k e V  vacancy engineering implant to a dose of 3xl014 cm'2 was 
specifically chosen from the previous section to be analysed after a 1000°C, 10s anneal, in 
bulk silicon and SO I  substrates. It is thought that the peak of this silicon implant will 
consist mainly of {113} defects and small silicon clusters [63]. Therefore, combining this 
m e d i u m  energy, low dose silicon implant with a 1000°C anneal it is thought the 
interstitial supersaturation and corresponding concentration gradient towards the surface 
will suffice to see if the B O X  will restrict the silicon atoms from entering the top layer. If 
the dose was too high the defects would evolve into their most stable form, dislocation 
loops, and the flux of interstitials back towards the surface m a y  not be large enough to 
have an effect on the boron profile in the near surface region.
The actual S I M S  analyses are presented in figure 6.16, illustrating the boron profiles in 
bulk silicon (a) and SO I  (b). T h e  as-implanted profiles are represented b y  the black 
dotted profiles, whereas the annealed S I M S  with and without a co-implant are illustrated 
b y  red and blue profiles, respectively.
Comparing the effect of the silicon co-implant in bulk silicon as s hown in figure 6.16(a) 
one can see that the as-implanted boron profile (black dotted line) has a junction depth (at
t o  o3x10 c m " ) of ~54nm, after annealing the junction depth has diffused to ~70nm. B y  
adding the silicon co-implant the final junction depth after annealing is 80nm. However, 
b y  comparing the same implants and anneal in SO I  as shown in figure 6.16(b) one can see 
that both annealed profiles with or without a silicon co-implant s how near identical 
junction depths of ~75nm. This clearly shows that in bulk silicon the extra silicon atoms 
introduced into the substrate has caused a greater amount of diffusion, and hence 
prolonged the duration of the T E D .  Whereas, in SOI the extra silicon ions introduced are 
inhibited from back-diffusing into the top layer of the SOI structure and therefore no 
enhancement of the boron diffusion occurs.
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Figure 6-16 S IM S  analysis o f a 2keV  B, l x l 0 15cm '2 im plant into bulk silicon (a ) and S O I (b ), w ith  
(blue line) and w ithout (red line) a 300keV  silicon im plant to a dose o f 3 x l0 14 cm'2. AH annealed 
samples had a 1000°C 10s therm al cycle. The effect o f a 300keV  silicon co-im plant in bulk silicon can 
be seen as an enhancement in diffusion whereas in S O I there is negligible difference i f  a co-im plant is 
used.
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6.8 S u m m a r y
T h e  two experiments designed in the previous chapter have been examined 
experimentally. Experiment one investigated the effect of a 3 0 0 k e V  silicon co-implant in 
relation to an equivalently designed I M e V  co-implant. A n  extensive study using Hall 
and S I M S  analyses s how similar amounts of improvements in electrical activation and 
diffusion can be achieved with the lower dose/energy co-implant. In fact, the 
improvements in the 3 0 0 k e V  case s how a greater amount of improvement in terms of 
electrical activation. T h e  mechanisms behind the improvements were determined to be 
due to the inhibiting of the boron silicon-interstitial clustering process, with the 
improvement factor increasing with increasing silicon dose.
Experiment two investigated the effect of a further optimised vacancy engineering 
implant on an ultra-shallow boron implant. Th e  initial sheet electrical measurements 
presented within this chapter s how large improvements and level of thermal stability 
which rival current techniques in fabricating p-type layers. Further investigations of this 
experiment are examined in a m u c h  greater detail in the following chapter.
A  comparison between SO I  and bulk silicon substrates highlights the advantages of using 
SO I  with vacancy engineering implants. Th e  buried oxide has been s hown to inhibit the 
back diffusion of excess silicon interstitials from entering the surface silicon layer. 
Furthermore, the insulating layer has been s hown to electrically isolate the peak of the 
damage from the top layer, where in bulk silicon such damage would reside in the p/n 
junction giving rise to device leakage problems at low annealing temperatures.
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C h a p t e r  7
7  E x p e r i m e n t a l  R e s u l t s  I I :  J u n c t i o n  S t a b i l i t y ,  
D a m a g e  R e g r o w t h  a n d  F u r t h e r  
E l e c t r i c a l / D i f f u s i o n  A n a l y s e s
7.1 Int r o d u c t i o n
Th e  previous chapter has highlighted that a 0.5keV boron implant combined with a 
160keV silicon implant in SOI can produce a highly active and thermally stable p-type 
layer which can possibly rival competing techniques. With such an improvement this 
chapter is dedicated to examining experiment two in a m u c h  greater detail. SIMS, R BS, 
T E M  and D H M  are all performed to determine the actual level of improvement and 
stability, to gain an understanding of the high level of improvements shown.
This chapter begins at examining the level of damage created b y  the 160keV silicon 
implants into bulk silicon and S O L
7.2 I m p l a n t  D a m a g e  C r e a t e d  b y  the 1 6 0 k e V  Silicon I m p l a n t
It is important to not only investigate the damage directly after implantation, but also after 
annealing, as it is crucial to k n o w  where residual defects m a y  lie after thermal processing 
as they can effect the final device performance [53]. Therefore, a study of the damage 
removal during annealing after the l.lxlO15 cm'2 silicon co-implant is also investigated 
using R B S  and T E M .
7.2.1 As-implanted
Using the same R B S  technique as in section 4.3, channelled spectra acquired from the 
samples with a co-implant are compared to a random spectrum to determine the level of 
damage created b y  the silicon co-implant directly after implantation without any thermal
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processing. Figure 7.1 illustrates the effect of the 160keV co-implant on the bulk silicon 
(a) and SOI (b) substrates as a function of ion dose, where the magenta, cyan, yellow and 
green coloured spectra represent the silicon doses to 4xl014, 8xl014, l.lxlO15 and 2xl015 
cm'2, respectively.
For comparison, the standard random and channelled spectra were taken from a virgin 
sample and are represented b y  the blue and red curves, respectively. In the case of the 
SO I  spectra the peak of the damage distributions resides within the B O X ,  which 
complicates the discussion and interpretation. A s  the SO I  spectra, in this instance, 
demonstrate the same trend and indicate the same level of damage in comparison to the 
bulk silicon, only the bulk silicon spectra are discussed.
Comparing the lowest dose co-implant with the standard random and channelled spectra, 
a distinct peak occurs indicating a highly damaged substrate but no formation of an 
amorphous layer anywhere throughout the implant distribution, leaving a near perfect 
crystalline surface region. Increasing the dose to 8x10 14 cm"2 shows the peak in the back 
scattering yield to be roughly equal to the random spectrum. However, this level of 
damage does not extend all the w a y  towards the surface, suggesting a buried amorphous 
layer has formed, whilst still leaving a crystalline surface region. A s  the dose is further 
increased to l.lxlO15 cm"2, the level of damage clearly shows an amorphous layer is 
formed. However, due to the resolution of the R B S  it is difficult to see h o w  far this 
extends towards the surface. F r o m  these initial measurements it does seem to suggest that 
the amorphous layer extends right up to the surface. However, as the dose is further
i r  syincreased to 2x10 cm" (green) a distinct widening of the amorphous layer is seen, 
suggesting that there is possibly s ome surface crystalline region remaining in the l.lxlO15 
cm'2 case.
Therefore, it is possible to conclude that the highest dose co-implant creates an 
amorphous layer which extends right up to the surface. This explains the reason for the 
high Rs measured in figure 6.6. Th e  Hall measurements clearly s h o w  this to be due to a 
direct result of a low mobility value, which is thought to be caused b y  the incomplete re­
crystallisation of the surface layer after annealing.
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Figure 7-1 RBS spectra o f B u lk silicon (a ) and S O I (b ) substrate w ith  a 160keV silicon co-im plant as a 
function o f dose (4 x l0 14 to 2 x l0 15 cm'2). Channelled and random  spectra o f a virg in  silicon sample 
are used as a comparison.
The electrical characteristics clearly s h o w  that the silicon co-implant of l.lxl015 cm'2 has 
the greatest improvement over a boron layer without a co-implant. This suggests that this 
dose does not completely amorphise the SOI surface layer, even though the R B S  data for 
this co-implant is inconclusive. Therefore, T E M  analysis was performed to verify the 
level of damage of the SOI samples with and without a co-implant up to a silicon dose of
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l.lxlO15 cm'2. The highest dose co-implant was not analysed as it was already
determined to be completely amorphous up to the surface.
(a) N o  Silicon (b) Si: 4xl014 cm'2 (c) Si: 8xl014 cm'2
Surface
Figure 7-2 T E M  analysis o f the S O I 
samples as a function o f co-im plant 
dose. The S O I structure w ithout a co­
im plant is shown in (a ) where the 
samples (b ) to (d ) represent the silicon 
co-im plant dose to 4 x l0 14, 8 x l0 14 and 
l . l x l 0 15cm'2, respectively.
0  Crystalline Region
A A
BOX
Buried Amorphous Layer
v
5 0 n m EOR
(d) Si: l.lxlO15 cm"2
Figure 7.2 (a) to (d) are T E M  micrographs of the SOI samples as a function of silicon 
dose, where (a) represents the SOI structure without a co-implant, and (b), (c) and (d) 
illustrate the SOI structures with a silicon co-implant to doses of 4xl014, 8x10*4 and 
l.lxlO15 cm'2, respectively. Figure 7.2(a) clearly shows the three layer structure of the 
SOI substrate comprising of the top silicon layer, B O X  and underlying silicon. B y  adding 
the low dose co-implant (b) one can see that an interstitial rich defect band is formed 
close to the back interface of the B O X .  A s  the dose is increased (c) a phase change is 
induced, creating an amorphous layer which extends from the underlying silicon just into 
the silicon top layer. The damage created by the second highest dose co-implant (d),
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shows that a buried amorphous layer extends from a depth of around 2 3 5 n m  towards the 
surface for 195nm, leaving a 4 0 n m  crystalline surface region in which the boron is 
implanted. This conclusively proves that a silicon dose of l.lxlO15 cm'2 does not 
completely amorphise the surface region and the improvements s hown so far in terms of 
electrical activation are as a direct result of an excess of vacancies. A s  this dose gives the 
best overall improvement in terms of electrical properties an isochronal anneal study was 
used to examine h o w  the buried amorphous layer re-grows.
7.2.2 R e - g r o w t h  of the B u r i e d  A m o r p h o u s  L a y e r
T o  investigate the re-growth of the buried amorphous layer created b y  the silicon co- 
implant to a dose of 1.1x10 cm' , 10s anneals over a range of temperatures were used 
and investigated using R B S  and T E M  in both SOI and bulk silicon substrates. T o  
improve the depth resolution of the R B S  technique the spectra was acquired at a 45° 
incident angle.
T h e  resulting R B S  spectra are presented within figure 7.3 (a) and (b), representing the 
bulk silicon and S OI substrates, respectively. T h e  effect of the co-implant in bulk silicon 
as a function of anneal temperature from 450 to 700°C is shown in (a). For comparison 
the as-implanted spectrum is shown in green, clearly showing that the amorphous layer 
does not extend all the w a y  to the surface. After applying a 450°C anneal cycle (yellow), 
the width of the buried amorphous layer reduces because of re-growth from both sides, 
which is as expected for a buried amorphous layer. A s  the anneal temperature is 
increased to 500°C, a small increase in the amount of re-growth takes place. At 600°C 
(black) the amorphous layer width is considerably thinner than the as-implanted case, 
however, there is still a significant thickness of amorphous material remaining. However, 
complete re-growth occurs w h e n  the anneal temperature is increased to 700°C (grey).
Comparing the channelled spectra of the co-implanted sample annealed at 700°C with the 
sample without a co-implant, it can be seen that the spectra are near identical suggesting 
near perfect crystalline material remains. However, it is well k n o w n  that pre-amorphised 
material leaves end of range damage after S P E R  [l63l Moreover, there are two 
amorphous/crystalline interfaces; therefore, it is very likely that two defect bands m a y  be 
present. Also where the two interfaces meet there m a y  also be a third band of defects 
k n o w n  as ‘zipper’ defects [29,164l Here the R B S  spectrum does not s how such damage 
being present. This corresponds to Shao et al[88], w h o  clearly showed that a long thermal
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cycle is required to allow the E O R  defects to evolve into dislocation loops before they are 
detectable by RBS.
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2000
Figure 7-3 RBS spectra o f im plant damage created by the 160keV silicon co-im plant perform ed to a 
dose o f l . l x lO 15 cm'2 as a function o f anneal tem perature in bulk silicon (a) and S O I (b ) substrates.
The SOI spectra (b) differ slightly from the bulk case since an as-implanted spectrum was 
not measured and only samples annealed at temperatures of 500, 600 and 700°C were 
analysed. Between 500 and 600°C the amorphous layer reduces in accordance with the 
bulk silicon spectra, however as the anneal temperature is increased to 700°C the spectra
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indicate there is still some residual damage remaining. In contrast for the bulk silicon 
case the damage is completely removed at this anneal temperature.
It is also interesting to note that the oxygen peaks for the channelled spectra with and 
without the co-implant at 700°C are near identical, suggesting that the co-implant which 
penetrates through the B O X  has not effected its structure.
T o  conclude this study T E M  analysis was performed on the SOI samples identical to the 
ones measured by R B S  in figure 7.3(b), and illustrated in figure 7.4 (a), (b) and (c), 
representing the samples annealed at 500, 600 and 700°C, respectively. At 500°C the 
buried amorphous layer is seen, as the anneal temperature is increased to 600°C solid 
phase epitaxial re-growth is clearly shown to take place and a reduction in the amorphous 
layer thickness is seen from both sides towards the B O X .  At 700°C the layer has 
completely re-grown.
Surface
Annealed: 
500°C, 10s
Active device layer
Jk¿•«¿¿tew»**«
100 nm
Annealed: 
700°C, 10s
Annealed: 
600°C,10s
Figure 7-4 T E M  analysis o f im plant damage created by the 160keV silicon co-im plant perform ed to a 
dose o f l . l x lO 15 cm'2 in S O I as a function o f anneal tem perature, from  500 to 700°C. A t 700°C the 
buried amorphous layer has fu lly  re-grow n leaving an interstitial defect band below the B O X .
Figure 7.4(c) clearly shows that the crystalline/amorphous interface that resided in the top 
silicon layer has left no detectable defect band. The only defect band formed is actually 
below the B O X ,  which is physically isolated from the device region.
The solid phase epitaxial re-growth of a buried amorphous layer has been studied by El- 
Ghor et al. [165]. Their study highlighted a difference in the re-growth velocities of the
147
Chapter 7:Experimental Results II
two interfaces on either side of a buried amorphous layer. Th e  top interface resided 
within the vacancy rich region of the defect distribution and re-grew more slowly than the 
bottom interface within the deeper interstitial-rich region. This was attributed to the 
different type of defects surrounding the two interfaces. A s  the top interface is 
surrounded b y  an excess of vacancies no silicon interstitial defect band was formed. In 
contrast Cristiano [166] observed two interstitial defect bands at the location of both the 
Amorphous/Crystalline (A/C) interfaces after the annealing of a buried amorphous layer. 
Therefore it is speculated that as long as the first amorphous/crystalline interface resides 
within the vacancy rich region of the defect distribution the vacancies will annihilate the 
first interstitial defect band. This hypothesis is shown schematically in figure 7.5, 
illustrating the conditions in which it is thought a buried amorphous layer can be formed 
without leaving an interstitial defect band in the active device layer.
Figure 7.5 (a) and (b) illustrates an estimated damage distribution created by a silicon co­
implant in relation to a boron profile and the corresponding defect distribution created by  
the silicon implant, respectively. If the level of damage from the silicon implant is greater 
than a certain threshold an amorphous layer is formed. In this case the dose is not high 
enough to completely amorphise the surface. Therefore, a buried amorphous layer is 
created. It is thought that as long as the dose is high enough to m o v e  the first A / C  
interface (Xi) into the vacancy rich region ( < X 3) no interstitial defect band will be 
generated during the epitaxial re-growth. However, it is crucial to use implant parameters 
which locate the second A / C  interface (X 2) into or beyond the B O X  ( > X 4). A s  this 
interface will always be interstitial rich.
This explains the reasoning behind the high stability of the p-type layer, as there are no 
interstitial rich defect bands remaining from the silicon co-implant within the device 
layer. Therefore, high electrical activation is achieved with no decrease/increase in the Rs 
as a function of anneal temperature shown b y  Pawlak et al.[61] in figure 2.15 to occur with 
pre-amorphisation and SPER.
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Figure 7-5 Schematic representation o f how a buried amorphous layer is form ed creating two  
am orphous/crystalline (A /C ) interfaces (a) in relation to the defect d istribution (b). The figure also 
shows the conditions under which the first A /C  interface (X j)  w ill not leave a silicon interstitia l (S ii) 
defect band a fte r re-grow th.
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7.3 S I M S  a n d  Hall Effect M e a s u r e m e n t s  ( D H M  a n d  Sheet)
T o  continue the study of the boron doped layers with and without a co-implant, atomic 
and electrical activation measurements have been used to determine the resulting effect 
on the junction stability as a function of anneal temperature and time.
A n  initial comparison is presented in figure 7.6 of two as-implanted boron profiles 
(SIMS) with (blue) and without (black) the silicon co-implant to a dose of l.lxl015 c m -2. 
A  distinct difference in the profile shape and dose is apparent. With the co-implant the 
boron distribution clearly shows roughly a 5 n m  reduction in junction depth (taken at
IQ  110 cm' ) and a 2 5 %  increase in boron dose compared to the boron only profile. It is 
thought the differences between the two profiles are due to two effects of the co-implant. 
Firstly, the reduction in junction depth is thought to be as a result of the damage to the 
silicon crystal and has resulted in a reduction of boron channelling during implantation, 
which still occurs at ion energies even as low as 500eV [167]. However, the effect of the 
vacancies suppressing the possibility of r oom temperature migration of boron cannot be 
completely ruled out as recent studies have shown a significant amount of boron diffusion 
has been observed during S I M S  analysis [137].
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Figure 7-6 S IM S  analyses o f the as-im planted boron layers w ith  (b lue) and w ithout (b lack) the 
160keV silicon co-im plant preform ed to a dose o f l . l x lO 15 cm'2.
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Secondly, the higher concentration of retained boron atoms is thought to be due to the 
excess of vacancies which has reduced the amount of boron m o v e m e n t  during 
implantation and hence m a d e  it possible to retain a higher boron concentration during 
implantation.
Therefore, due to the differences in the as-implanted profiles, the following S I M S  will be 
compared with the corresponding specific as-implanted profiles.
7.3.1 10s Isochronal A n n e a l i n g
T o  check the co-implant dose dependence with respect to the boron profiles in terms of 
electrical activation and diffusion, a comparison of the boron profiles with the range of 
co-implants is shown in figure 7.7 (b), whereas, the boron layers without a co-implant are 
shown in figure 7.7 (a). All annealed samples were put through a 700°C (10s) thermal 
cycle, as this temperature clearly showed any buried amorphous layers had fully re­
grown. All S I M S  profiles are represented as solid lines and the corresponding Hall 
profiles are illustrated as solid symbols of the same colour.
Without a co-implant minimal dopant m o v e m e n t  is observed, corresponding to the low 
level of activation represented in the Hall profile, also seen previously in section 6.6. In 
contrast, for the boron layers with a silicon co-implant the electrical activation is greatly 
improved with the effect increasing with silicon dose, similar to experiment one. 
However, this data clearly shows that the junction m o v e m e n t  in the tail region of the 
S I M S  decreases also with increasing silicon dose, to a point where a near as-implanted 
junction is formed at the highest dose, i.e. an almost “diffusionless” process has occurred.
Examining the Hall profile of the highest dose co-implant (green) in m ore detail 
highlights the fact that the active earner concentration is in the order of 5-6x1020 cm'3. 
This is m u c h  higher than the solid solubility and a factor of two higher than electrical 
activation achieved with conventional pre-amorphisation and SPER. T o  check the 
integrity of this Hall profile a series of repeats were performed and are presented in figure 
7.8, which also shows h o w  reproducible the implant, anneal and measurement techniques 
are.
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 (SIMS) B As-imp
 (SIMS) B + RTA
• (Hall) B + RTA
RTA = 700°C for 10s
1 0  1 5  2 0
Depth (nm)
Figure 7-7 S IM S  (solid lines) and D H M  (scatter plots) profiles o f the boron layers w ithout (a) and 
w ith  (b ) a 160keV silicon co-im plant as a function o f co-im plant dose (4 x I0 14 to l . l x lO 15 cm'2). A ll 
anneals w ere perform ed at 700°C fo r 10s.
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Depth (nm)
Figure 7-8 four H a ll profiles (scatter plots) o f the boron layer w ith  a 160keV silicon co-im plant 
perform ed to a dose o f l . l x lO 15 cm '2, annealed at 700°C fo r 10s. This clearly shows the 
reproducibility  o f the technique and verifies the c a rr ie r concentration determ ined in figure 7.7. The  
corresponding S IM S  profile  (solid line) is shown fo r comparison.
In total six identical samples were measured, where all the samples were annealed 
simultaneously. The entire set of sheet Hall data is presented in table 7.1 showing an 
average Rs of 960 Ohms/sq and clearly showing the level of activation to be roughly 
constant for all samples. The scattering factor used to obtain these values has been 
assumed to be unity. If this is not correct, then an error in the N s  and Mobility values will 
occur but the Rs values will be unaffected. The effect of a non-unity scattering factor is 
discussed in more detail in the following section.
Tab le  7-1 six H a ll effect measurements o f the boron layer w ith  the l . l x lO 15 cm'2 dose silicon co­
im plant, a ll six samples w ere annealed simultaneously (700°C  fo r 10s). This is shown to verify  the 
high level o f activation and the reproducib ility  o f the measurements.
Sample No. Rs
(ohms/sq)
Mobility
(cm2/V-s)
N s
(cm'2)
1 992.2 20.4 3.08x10 14
2 1028 20.1 3.02xl014
3 942.4 21.8 3.03xl014
4 937.3 21.8 3.06xl014
5 938.4 21.8 3.06x10 14
6 923.3 21.9 3.09x10 14
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T o  examine the thermal stability of the boron layer with this high dose co-implant in 
terms of diffusion, a 10s isochronal anneal (600 -  900°C) was performed and 
characterised using S I M S  (figure 7.9). The corresponding sheet electrical data for these 
curves are presented in figure 6.6 and 6.7.
Without the co-implant, the boron profile as a function of anneal temperature shows little 
m o v e m e n t  in the peak of the boron distribution, whilst a small amount of diffusion is 
observed in the tail region at an anneal temperature of 900°C. In contrast, with a co­
implant, the boron distribution across all anneal temperatures shows a small amount of 
diffusion (particularly at 900°C) which highlights a “kink” at high concentrations. This 
corresponds to the previous findings in experiment one where the same trends are also 
seen. However, in this experiment the kinks occur at m u c h  higher boron concentrations. 
This also highlights that not only is the R s  stable between 600 and 800°C, but also the 
amount of diffusion is minimal, indicating a stable junction of around 1 7 n m  (taken at 
3xl018 cm"3).
Comparing the shape of the boron peaks (highlighted b y  dotted red ellipses) with and 
without the co-implant it is possible to see a peak in the boron distribution w h e n  a co­
implant is not used which occurs at a depth of around 3nm, which corresponds to the 
projected range of the boron distribution. This is clearly not present w h e n  a co-implant is 
used. Both distributions show boron m o v e m e n t  towards the surface in the initial profiles, 
but in the case of the sample with a co-implant, the mo v e m e n t  appears stronger than 
without a co-implant. T o  investigate this phenomenon S I M S  analysis (figure 7.10) was 
performed on a select number of samples to check the oxygen content in the silicon 
overlayer and check the thickness of the surface silicon oxide. Oxygen was not converted 
to a concentration, but was just normalised in order to m a k e  comparisons across the 
samples. It must be noted that due to initial transient effects like ‘mixing’, it is difficult to 
extract quantative data. Therefore, the S I M S  profiles can only be used as a qualitative 
study on the thickness of the surface oxides.
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Figure 7-9 S IM S  profiles o f the boron layers w ithout (a ) and w ith  (b) a silicon co-im plant as a 
function o f anneal tem perature, from  600°C to 900°C. Dotted red circles are shown to highlight the 
observed difference in the shape o f the boron peaks.
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Figure 7.10 indicates that the surface oxide thickness is near identical with or without the
co-implant therefore it is evident that the origin of the boron peak is not related to the
SiCVSi interface as it is 1.5 n m  deeper than the interface. Therefore, it is thought that the
m o v e m e n t  in the boron peak with a co-implant is related to the excess vacancies, as there
is a reduction in the silicon interstitial population, and therefore, the peak is able to
diffuse or segregate towards the surface to a greater extent than the boron only profiles. 
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Figure 7-10 S IM S  profiles o f the oxygen content o f the surface silicon layer o f the S O I structure, w ith  
and w ithout a high dose ( l . l x lO 15 cm*2) co -im p la n t T he near identical d istributions suggest the co­
im plant has no effect on the surface oxide nor produce a high concentration o f oxygen in the silicon 
overlayer.
7.3.2 Isothermal A n n e a l i n g  S t u d y
T o  complete the study of experiment two, anneals at 850 and 700°C was performed on a 
select set of samples using Hall effect and S I M S  to analyse them. The 850°C study was 
performed on boron layers with silicon co-implants with a dose of 8xl014 and 
l.lxl015c m ‘2, whereas the 700°C study was limited to only the latter dose. For 
comparison in both studies a boron layer without a co-implant is used as a reference. For 
the 850°C study, six different anneal times were used with a factor of 3 increase between 
each (10, 30, 90, 270, 810 and 2430s). However, due to the lower thermal budget at 
700°C last anneal duration was increased to 4860s.
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7.3.2.1 S h e e t  Electrical M e a s u r e m e n t s
T he sheet Hall effect analyses for both studies are presented simultaneously in figure 
7.11. Th e  left hand column illustrates the Rs, N s  and mobility (propagating d o w n  the 
page) for the 850°C study, whereas, the right hand column contains the corresponding 
data for the 700°C study.
Without a co-implant (red) at 850°C the R s  starts off at -3250 (10s) Ohms/sq, then
decreases exponentially to -1150 Ohms/sq after an anneal time of 2430s. Adding the co-
1 / 1 0implant to a dose of 8x10 cm' (blue) the R s  is considerably reduced at short anneal 
times. A s  the time is increased the effect of the co-implant is diminished as the curve 
tends towards the reference curve. At the m a x i m u m  co-implant dose (magenta) the Rs 
starts off low at -900 (10s) Ohms/sq, however as the time advances the Rs stays low with 
a slight increase to -1000 Ohms/sq after 2430s. These results suggest all three curves 
will merge if a longer anneal time was used. This trend is identical in the 700°C study, 
however the reduction in Rs with the co-implant is greatly increased as the reference 
curve has m u c h  higher R s  values, which is well k n o w n  from the isochronal studies.
These curves show that the highest dose co-implant in terms of R s  is reasonably stable 
over the times shown. However, the small increase in Rs as a function of time is due to a 
reduction in the substitutional fraction of the boron. The cause is not fully understood, 
but what is k n o w n  is that b y  integrating the 850°C S I M S  profiles the retained boron dose 
after annealing from 10 to 810s (figure 7.12) is roughly constant (~5xl014 cm'2) which 
rules out any loss of boron being the cause. However, as the lower dose co-implant 
shows no deactivation over time it is thought it cannot be caused b y  silicon interstitials 
remaining from the boron implant. It seems that the high dose co-implant has inverted 
the whole electrical activation process, and over time the level of activation comes back 
to equilibrium, this point being where all the curves merge.
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Figure 7-11 sheet electrical measurements presenting the Rs, Ns and m obility o f a 850 (le ft colum n) 
and 700°C (rig h t colum n) isothermal anneal study, w ith  (magenta and blue) and w ithout (red ) a 
silicon co -im p lan t
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7.3.2.2 S I M S  a n d  Differential H a l l  M e a s u r e m e n t s
T o  further the analysis, D H M  and S I M S  profiling was performed. The samples annealed 
at 850°C from 10s to 810s are presented first in figure 7.12 with (b) and without (a) the
i c  9  • • •1.1x10 cm" silicon co-implant. All S I M S  profiles are shown with solid lines and the 
corresponding Hall profiles are illustrated as open symbols of the same colour.
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Figure 7-12 D H M  (symbols) and S IM S  (lines) profiles o f 500eV boron im plants w ith  (b ) and w ithout 
(a ) a silicon co-im plant, annealed at 850°C isotherm ally from  10 to 810s. The H a ll profiles correspond  
to the relevant S IM S  profile  o f the same colour.
159
Chapter 7:Experimental Results II
Comparing the junction depths (taken at 3xl018c m ’3) of the S I M S  profiles with and 
without the co-implant as a function of anneal time, the actual junction depths are near 
identical. However, with the co-implant the tail regions s h o w  a sharper, more ‘bo x ’ like 
distribution.
A  distinct difference between the two sets of S I M S  is shown within the peaks of the 
boron distributions. Without a co-implant at a time of 10s a kink appears in the boron
1Q odistribution at around 3x10 c m ’ and as the anneal time progresses this point stays 
roughly constant. This could be related to the solid solubility, however, Armigliato et al. 
[12] report a value of 4.9x10 19 c m ’3 at this temperature. In contrast, with the co-implant at 
an anneal time of 10s a kink appears at m u c h  higher boron concentrations at around 
~3xl020 c m ’3. A s  time advances the kink point lowers in line with profile broadening due 
to diffusion until both sets of profiles s h o w  similar distributions after 810s.
In terms of electrical activation the Hall profiles indicate the same trends associated with 
the kinks in the SIMS, with or without the co-implant. However, the Hall profiles do not 
seem to agree with the level of the kinks in the S I M S  data, in fact all the Hall profiles are 
consistently a factor of two higher. Determining the cause for such a difference is 
certainly non-trivial. Even though the profiles are not corrected for surface depletion 
effects, it is thought that the flat electrically active profiles should have a better agreement 
with the S I M S  profiles. Errors with the S I M S  profiles cannot be ruled out but in this case 
it is thought that the Hall profiles are the main source of error. It is possible that the depth 
calibration is incorrect, but this would have to be a factor of two in error to compensate. 
T o  check this, atomic force microscopy was used to verify the depth calibration of one 
sample in the Hall set of profiles presented in figure 7.8, indicating a total depth of l O n m  
agreeing with the Talystep within ~3nm.
Therefore, it is speculated that it is not a measurement error but possibly an error in the 
interpretation of the data, since a Hall scattering factor of unity was used (the scattering 
factor is the ratio of the Hall mobility to the conductivity mobility). Thus if a different 
scattering factor should be used, this would modify the values of the determined carrier 
concentration.
A  review of the Hall scattering factor has been carried out by Sasaki et al. [168] covering 
the uncertainties and problems with m a n y  published works. However, to date there is very 
little k n o w n  about the correct value to use for highly boron doped silicon. Values have
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been reported from 0.7 to 1.8 |169,1701. However, as the Hall profiles in figure 7.12 are 
consistently higher by a factor of two, this could correspond to a Hall scattering factor of
0.5 in order to force the S I M S  data to fit the D H M  data. The profiles from figure 7.12 
have been re-plotted in figure 7.13 using such a value. It is clearly shown that all the Hall 
profiles n o w  agree with the kinks and boron distribution.
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Figure 7-13 identical curves to the previous figure, but the H a ll profiles have been re-plotted w ith  a 
H a ll scattering factor o f O.S.
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T o  complete the analysis, the 700°C study is presented in figure 7.14 in terms of diffusion 
and electrical activation using the same notation as figure 7.13. The sheet electrical 
measurements (figure 7.11) indicate a large difference between the samples with and 
without the co-implant, which is supported by the Hall profiles performed at 10s (red) and 
810s (magenta) which clearly s h o w  a large improvement in electrical activation.
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Figure 7-14 D H M  (symbols) and S IM S  (lines) profiles o f 500eV boron im plants w ith  (b ) and w ithout 
(a ) a silicon co-im plant, annealed at 700°C isotherm ally from  10 to 4860s. The H a ll profiles 
correspond to the relevant S IM S  profile  o f the same colour. A  H a ll scattering factor o f 0.5 has been 
used.
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For these profiles a Hall scattering factor of 0.5 has also been used. The shift in the Hall 
profiles does result in a better agreement with the SIMS, however, this time the profiles 
are slightly lower than the kinks in the corresponding S I M S  profiles. If the scattering 
factor is around 0.5 the high level of activation reported previously (figure 7.8) and also 
here after 10s, would be reduced to around 3xl020 cm'3. Even though there is some 
uncertainty about the value of the scattering factor it must be emphasised that this is the 
first evidence that solely vacancy engineering implants can produce at least the same level 
of activation, if not better than conventional pre-amorphisation and S P E R  techniques. 
Also, it must be re-emphasised that the scattering factor does not affect the overall 
measured Rs.
In terms of diffusion (SIMS) the same trends are apparent as in the 850°C time study, 
however, in this time the diffusion is significantly reduced due to the lower anneal 
temperature. In fact it is shown that the co-implanted boron layers have a junction depth
| o o(taken at 3x10 cm' ) of around 1 5 n m  and that this value increases by roughly 3 n m  after 
an annealing time of 810s. This indicates that it is possible to create a highly electrically 
active p-type shallow junction, with a high thermal stability without an excess of 
interstitial mediated defects within the active device region. This gives rise to large a 
process window. Using the data gathered from this and the previous chapter a process 
line is plotted in figure 7.15, for a full process w i n d o w  more experiments are required. 
However, this graph clearly shows that anywhere along the red line it is possible to create 
a highly active p-type layer with a junction depth of 1 7 n m  with an Rs of around 900 
Ohms/sq with no deactivation.
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Anywhere along this line will produce a p-type 
junction of 17nm with an Rs of around 900 Ohms/sq
Co-implant performed at 1.1x1015 at/cm2 
Boron implant performed at 500eV to 1x1015 at/cm2
Figure 7-15 a process line, 
representing the annealing  
conditions o f a 500eV boron 
im plant (101S at/cm 2) w ith  a 
l . l x lO 15 cm'2 silicon co­
im plant to produce a 17nm  
junction w ith  an Rs o f  
roughly 900 Ohms/sq.
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7.4 Theoretical U n d e r s t a n d i n g
T he results within this chapter have clearly sh o w n  that an optimised vacancy engineering 
implant can have vast improvements on a subsequent boron implant in terms of electrical 
activation. However, comparing the estimated vacancy distribution of the 160keV silicon 
implant with the 50 0 e V  boron implant, to the 300keV silicon co-implant performed in the 
previous chapter with a 2 k e V  boron implant (figure 7.16), one can see that both vacancy 
distributions are near identical. However, the improvements in boron electrical activation 
have been shown to be m u c h  less with the 300keV co-implant. Therefore, assuming the 
vacancy distributions are accurate, the resulting improvements have to be due to the 
boron implant. Figure 7.16 clearly shows that the 500eV (blue line) boron profile has a 
closer match to the vacancy distribution than the 2 k e V  (red line) boron profile. The rapid 
rise in vacancy concentration towards the entry surface has been neglected in the 
scientific literature as most boron energies used have been m u c h  greater than 500eV. It 
is thought that this surface vacancy distribution is the result of a combination of effects 
arising from sputtering and primary recoils.
It turns out that the number of sputtered silicon atoms from the surface region is 
consistently equal to the excess vacancy concentration of the first 9 n m  of the surface, 
assuming all the excess vacancies generated are due to sputtering. This would explain the 
sharp rise in vacancies at the surface. However, it is unlikely that this effect is solely due 
to sputtering; therefore the effect of primary recoils cannot be neglected, even though the 
probabilities of ‘primary knock o n ’ events are low. A s  at 160keV the ion energy is still 
relatively high, and therefore the ion is dominated b y  electronic stopping. However, it is 
speculated that the ‘missing’ primary recoils that would have arrived in the surface 
region, had the silicon crystal extended indefinitely above the actual silicon surface play a 
significant role in the generation of the surface vacancy peak.
T he key point here is that this excess vacancy surface peak has been neglected in previous 
studies. A s  already mentioned, the only study within the literature which reports the 
effects of vacancy engineering implants on a 0.5keV boron implant also used a 
preamorphisation implant, and therefore destroyed this surface vacancy peak.
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Figure 7-16 estimated vacancy distributions from  the 300keV  (red symbols) and 160keV (b lack  
symbols) silicon co-implants in relation to the 2keV  (dotted red) and 500eV (dotted blue) boron 
S IM S  profiles from  the previous sections and chapter.
In the current experiment the high boron dose results in a boron concentration higher than 
the vacancy distribution and therefore a significant concentration of silicon interstitials 
will remain after the boron implantation, assuming the plus one model. This means that 
vacancy engineering is potentially very well suited to the future down-scaling of source- 
drain dimensions, because a reduction in source-drain depth places the dopant in a region 
of a higher vacancy concentration.
Figure 7.17 illustrates a range of silicon implant simulations and the corresponding 
vacancy distributions as a function of silicon energy. All of the distributions have been 
scaled by tailoring the doses to generate roughly the same areal density to match the 
300/16 0keV co-implants. For such a large drop in silicon energy (500-40keV) there is a 
minimal difference in the distributions, which means it is theoretically possible to reduce 
the vacancy engineering implant energy drastically and achieve the same effect as a 
500keV silicon co-implant. This shows it is possible to scale the silicon implant even 
further and therefore d o w n  scale the SOI structure in accordance with future device 
dimensions and geometries, and still utilise the advantages from vacancy engineering 
implants.
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Figure 7-17 estimated vacancy distributions from  a silicon co-im plant as a function o f ion energy (40  
to 500keV). Each sim ulation the dose has been scaled to give roughly the same vacancy areal density 
as the 160/300keV co-implants.
7.5 S u m m a r y
The effect of the 160keV silicon, vacancy engineering implant, on a subsequent 500eV 
boron implant (experiment two) has been studied in terms of diffusion, electrical 
activation and damage re-growth and junction stability.
It has been shown that it is possible to increase the silicon co-implant dose to a point 
where a buried amorphous layer is formed and still see improvements in the boron 
implant due to an excess of vacancies. Moreover, the S P E R  of a buried amorphous layer 
in a SOI structure is shown to leave the top device layer defect free as long as the top A / C  
interface is located within the vacancy rich region of the defect distribution.
The improvements in electrical activation have been shown to result in boron activation 
well above solid solubility. Even with a low Hall scattering factor the level of electrical 
activation is at least equal to conventional pre-amorphisation and SPER, with advantages 
such as high thermal stability and a large process integration window. This clearly shows 
that vacancy engineering is a viable technique for producing highly active ultra-shallow 
junctions. It is thought it is the reduction of the boron energy, exploiting the increase in 
the vacancy distribution towards the surface is the underlying principle behind the 
improvements shown. This means vacancy engineering is perfectly suited to the d o w n  
scaling of source/drain regions of P M O S  devices.
S .
r \
• -  40keV 4.5x10 at/cm 
• 100keV 7.2x10 14 at/cm2 
i  • 160keV 1.1x10 15 at/cm2 
300keV 1 .51x1015 at/cm 
■ 500keV 1.55x10 15 at/cm
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C h a p t e r  8
8  C o n c l u s i o n s  a n d  F u r t h e r  W o r k
8.1 C o n c l u s i o n s
Forming highly active, p-type, ultra-shallow junctions for source/drain extensions are 
well k n o w n  to be an extremely difficult challenge due to process induced phenomena 
k n o w n  as BICs and T E D .  Moreover, the next generation of devices require junction 
specifications that push the fundamental limits of the starting substrate.
T h e  most c o m m o n  method of achieving these requirements is a combination of pre- 
amorphisation and SPER, which has been used in previous generations of devices, but is 
currently under scrutiny as the junction requirements become even more stringent. A  
major problem is the formation of the E O R  defect band which remains after re-growth 
leading to junction instability and excessive device leakage. Furthermore, as this process 
requires a crystalline seed for regrowth this technique is foreseen to be problematic with 
materials which contain buried amorphous layers such as SOI. Therefore to keep up with 
the current rate of device scaling, which has been the same for over 40 years, solutions to 
these problems have to be realised soon.
This thesis has investigated an alternative approach to pre-amorphisation and S P E R  using 
what has become k n o w n  as vacancy engineering. The process has been optimised and 
n o w  rivals conventional pre-amorphisation and SPER. The main conclusions are as 
follows:
• SO I  has been shown to be fully compatible with vacancy engineering and also 
have distinct advantages over bulk silicon, as the B O X  is shown to be a good 
diffusion barrier to silicon interstitials, and help to isolate the damage generated 
by  the co-implant from the active device region.
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• It is possible to reduce the vacancy engineering implant energy and have similar 
effects on a subsequent boron implant equivalent to a m u c h  higher energy co­
implant, with a lower dose.
• Th e  formation and evolution of BICs is inhibited in the presence of a vacancy rich 
surface layer, leading to high electrical activation at low temperatures.
• Vacancy engineering is well suited to the d o w n  scaling of the boron implant 
energy, as future boron implant distributions will have a better agreement with the 
surface vacancy distribution.
• Vacancy engineered p-type layers are shown to be highly electrically active with a 
high degree of thermal stability, making such a technique a viable alternative to 
pre-amorphisation and SPER.
T h e  main objectives of this work were, firstly, to optimise the vacancy engineering 
technique, and secondly, to create p-type layers conforming to the ITRS specification. 
T h e  following sections summarise the conclusions reached with respect to the objectives.
8.1.1 S O I  versus B u l k  Silicon
Th e  first experimental chapter investigated the effect of reversing the vacancy generating 
and boron doping implants. Th e  main result was very clear, that is, for the optimum 
effect, the vacancy engineering implant must be performed prior to the boron doping 
process. The results also highlighted a series of key outcomes which continued 
throughout the following experimental chapters, adding validity to the results and 
findings. For instance, these set of results were the first to indicate the advantages of 
using S OI substrates over the use of bulk silicon.
Th e  following experiments proved that vacancy engineering implants in SO I  provided a 
number of advantages over bulk silicon. Performing the vacancy generating implant in 
SO I  and therefore through the buried oxide, results in the excess silicon interstitials being 
positioned in the underlying silicon where the B O X  physically isolates them from the 
active device layer, even during thermal processing. Therefore, the p-type layer formed in 
the top silicon layer is highly stable with no Rs deactivation, which is well k n o w n  to 
occur in junctions formed with pre-amorphisation and SPER. Another advantage of the 
SO I  structure in this work is the fact that junction leakage was removed, as the damage 
created b y  the co-implant does not reside in a p/n junction as it would in bulk silicon.
168
Chapter 8: Conclusions and Further Work
Therefore, it removed the requirement of a high temperature anneal to remove damage 
associated with the p/n junction.
A s  the improvements of the boron layer increases with silicon dose, experiment two 
pushed the co-implant dose up until a buried amorphous layer was formed. In SO I  this 
meant any amorphous layer which encroached into the top silicon layer re-grow 
downwards towards the B O X  and resulted in no interstitial defect band where the first 
crystalline/amorphous interface was located, whilst, leaving an E O R  defect band beneath 
the B O X .  Therefore, as long as the initial interface resided in a vacancy rich region no 
interstitial defect band remains in the top silicon layer, as the vacancies ‘m o p  u p ’ the 
excess interstitials, provided the vacancy concentration is high enough.
T o  conclude, SOI offers a number of advantages in relation to vacancy engineering over 
bulk silicon which is an important factor as m a n y  industrial companies, are or will be, 
using SOI as a starting substrate for future device technologies. Furthermore, any 
potential processing technique must be SOI compatible, and this has been proven with 
vacancy engineering.
8.1.2 Optimisation of the V a c a n c y  Engineering I m p l a n t
A  series of Mo n t e  Carlo simulations highlighted the fact that it was theoretically possible 
to optimise the vacancy engineering implant through the d o w n  scaling of the ion energy 
and dose, due to the increase in the nuclear stopping cross section as the ion energy 
reduces. This means the efficiency of the vacancy generation increases with the reduction 
of the ion energy. T o  test this theory two experiments were designed, a typically high 
energy I M e V  co-implant and a m u c h  lower 300k e V  co-implant in an attempt to generate 
the same net areal density of vacancies. T o  determine the similarities, and differences, a 
boron implant in the surface region was used as a detector. The results distinctly showed 
improvements in boron electrical activation which was apparent with both co-implants 
across a wide range of doses. A s  the results for each condition were so similar and 
showed the same trends, it was concluded that the same mechanisms were taking place in 
each case.
T o  m a k e  this technique m ore appealing as an industrial process the co-implant would 
require an energy lower than 300keV. Therefore, to push this theory even further and 
m a k e  the whole vacancy engineering process more viable as an industrial process
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experiment two scaled the ion energy d o w n  to 160keV. T he results showed excellent 
improvements in terms of electrical activation and diffusion, supporting the theory of 
vacancy implant optimisation.
A s  the B O X  has been proven to be a good diffusion barrier for silicon interstitials the 
limiting factor to the d o w n  scaling of the vacancy engineering implant is the thickness of 
the silicon overlayer. A s  devices evolve into the n e w  technology windows, the S O I  
thickness will become increasingly thinner and therefore the vacancy engineering implant 
can be scaled accordingly.
8.1.3 I m p o r t a n c e  of the V a c a n c y  Distribution
The distribution and location of the excess vacancies, plays a key role in the optimisation 
of the vacancy engineering process.
Simulations of the vacancy generating implants show a high concentration of vacancies 
close to the surface (0-20nm) which are apparent for a large range of ion energies. It is 
speculated that this is generated b y  two processes; firstly, the sputtering of silicon atoms 
out of the surface leaving behind a vacant lattice site, and secondly, the primary knock 
o n ’s from the surface region which are not replaced as they would be if the surface was 
not there and the substrate continued infinitely. Therefore, it is hypothesised that the 
large improvements seen in experiment two are as a result of the boron implant energy 
also being d o w n  scaled, resulting in the boron profile having a greater match to the 
vacancy distribution. Ideally, the boron concentration should perfectly match the vacancy 
distribution, which will occur naturally with further d o w n  scaling of the boron implant 
energy. Therefore, vacancy engineering is well suited to, and m a y  improve with, the 
d o w n  scaling of future junctions.
8.1.4 T h e  Suppression of B I C s
BICs are shown to dominate the boron profiles at low temperatures, overcoming this 
process is probably the most challenging factor in forming boron ultra-shallow junctions 
with low Rs. The boron trends without a vacancy generating co-implant, as a function of 
anneal temperature illustrate a deactivation/reactivation mechanism in the amount of 
electrically active boron dopants, which correspond to the kinetics of the boron clustering 
mechanism.
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With a co-implant the majority of the improvements shown were as a direct result of a 
reduction in the boron clustering, which increases with co-implant dose. Therefore, it is 
possible to conclude that the excess vacancies efficiently reduce the number of 
interstitials available and hence limit the evolution of the BICs. Thus, high levels of 
electrical activation are achieved, even above solid solubility, rivalling conventional pre- 
amorphisation and S P E R  techniques. This all occurs at low annealing temperatures, but 
as the anneal temperature increases the natural dissolution of the BICs and inherent 
increase in boron solubility start to dominate and the improvement factor diminishes. 
However, due to such a high thermal stability it is possible to form a 1 7 n m  p-type 
junction with an average Rs of 900 Ohms/sq, over a wide process window. T o  conclude, 
this average Rs (cross) is compared to the ITR S  requirements in figure 8.1, and is seen to 
be slightly higher than the required values. However, as vacancy engineering offers 
improved scalability and thermal stability over rivalling techniques it is thought that with 
further optimisation vacancy engineering will meet the junction requirements. Extending 
the technique is discussed in more detail in the following section.
Figure 8-1 IT R S  junction specifications fo r fu ture P M O S  devices compared to the average junction  
specification form ed at 700°C w ith  vacancy engineering.
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8.2 F u r t h e r  W o r k
This study has added a number of important findings to the knowledge associated with 
the formation of shallow p-type layers in silicon, which has been disseminated through a 
number of publications. However, for as m a n y  answered questions there are n e w  
unanswered questions. This section presents s ome of the possible research projects that 
could follow on from this study.
8.2.1 Further Optimisation of the D o p a n t  Species, E n e r g y  a n d  D o s e
It has been shown that reducing the boron ion energy and achieving a better match to the 
vacancy distribution causes a large improvement in terms of the electrical properties of 
the layer. However, b y  further optimisation of the boron ion energy and dose it is 
possible to obtain a better match to the surface vacancy distribution, and thus it is likely 
that an increase in the electrically active boron concentration will occur.
This work has been focused on improving the attributes of boron doped shallow layers. 
Such a technique m a y  be used to improve other interstitial mediated dopants, such as 
phosphorous, and therefore, optimising P M O S  and N M O S  source/drain extensions at the 
same time.
8.2.2 C h a n g e  of V a c a n c y  Engineering Species
In this study silicon has been used as the vacancy engineering species, however, 
switching to a heavier mass atom is another possible w a y  of optimising the technique. A s  
mor e  vacancies m a y  be generated per implanted ion compared to silicon, this m a y  also 
lead to varying vacancy distributions which better fit boron implant distributions.
8.2.3 T h e  effect of V a c a n c y  Engineering in 2 D
Understanding the implications of any process in 2 D  is crucial, however, for a 
source/drain study it is often that analysis is only performed in the one dimension. Th e 
actual fabrication of the source/drain regions require a masking process and the defects 
which occur around the m a s k  edge greatly affect the device performance, especially if 
they lie within the channel region. Therefore, investigating the effect of the co-implant 
damage in 2 D  would be key before the technique could be integrated into a full device.
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Figure 9-1 Autodesk layout of the VDP mask used throughout this study. The mask contains four 
VDP geometries and their corresponding contact mask.
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9 .2  S m art C u t Process
1 Initial silicon
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Figure 9-2 schematic representation of the SOITEC smartcut process ,171'.
9.3 Vacancy C luster Reactions
(1) * 4+1
(2) / „ + K < - -> 4 -1
(3) K + v < - - > K „
(4) V „ + I + - -+K- ,
(5) V„+BI<-
(6) B J n + V < ----- > B J ,
Silicon Interstitial Clustering
S>- Vacancy -  Interstitial annihilation m echanism s
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